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Abstract 
The main aim of this work is to synthesise barium sulphate (BaS04) that are tiny in size 
(nanoparticles). BaS04 scaling is a known problem in the context of offshore oil recovery. 
Different methods of scale control have been suggested in the literature, none has solved 
the BaS04 scaling problem dramatically. In this work several methods were assessed, but 
only one of them seemed to work well. The methods studied were: 1) F~rmation of 
colloidal BaS04 in an aqueous alcohol medium using BaCh and Na2S04 as precursors. 
The precursors were mixed rapidly forming rhombohedral BaS04 and by tubular reactor 
forming dendrite-like particles. 2) Inhibition of Ba2+ using phosphino (carboxylic acids) 
prior to the sol- addition induced the formation of broom-stick-like BaS04 particles. 3) 
Formation of BaS04 microemulsions using different surfactants. Cationic surfactants 
(sodium bis-2-ethylhexylsulfosuccinate) (AOT) induced the formation of BaS04 platelets 
and nanofilaments. While non-ionic surfactants (polyoxyethylene-4-dodecyl ether) 
(C12E04) and SEs different HLB values (2,6,15 and 16), induced the formation of BaS04 
platelets with the former and BaS04 nanobaguettes with HLB 2 and platelet-like particles, 
defined nanorods and interconnected nanoparticles with HLB 6, 15 and 16 respectively. 
TX-lOO (polyethylene glycol p(1,1,3,3-tetramethylbutyl)- phenylether) formed small 
BaS04 nanoparticles. Anionic didodecyldimethylammonium bromide (DDAB) formed 
cylindrical BaS04 nanoparticles. 4) (SOl) in H20 was added to Ba2+ adsorbed on Stober 
silica producing spherical BaS04 nanoparticles in StOber silica spheres. 5) Ba2+ in H20 
was added to (SOl)/AIO(OH). This is a new method to the best of our knowledge. It 
formed small BaS04 nanoparticles at 2 and 4 J.lmol (BaCh and Na2S04) and big bow-tie 
structured BaS04 particles at 6 J.lmol concentration per 5cm3 of AIO(OH). Since 
BaSOJAIO(OH) produced with SOlIAIO(OH)(aq) + Ba2+(aq) showed higher yields its 
scaling inhibition efficiency was studied in detail at three different concentrations of Ba2+ 
(64, 90 and 121 ppm) at 298 K and 320 K. This novel approach to scale control using 
chaperoning AIO(OH) is promising. A comparison study using 2-D imaging took place in 
BaS04 in AIOOH and BaS04 in H20 showed that the former remained longer as a sol. 
This suggests that BaS04 based in AIOOH can be used in medical diagnosis. BaS04 in 
AIOOH was used as a catalyst (prior to freeze drying) in an exhaust engine to test its 
efficiency in detoxifying the exhaust engine from CO, HC and NO" under stoichiometric 
conditions. Catalytic activates were also investigated after activation with Pt and Au. 
iii 
Acknowledgments 
During my PhD I have been through many people in the University of Surrey, without 
whom this work would have ever been completed. I thank my supervisor Prof. Paul 
Sermon, who accommodated me in his Material's Laboratory, supported and guided me 
during this work. I also thank his wife Mandy for being very kind and supportive to me. 
During these three years I have also received help and support from my colleagues in the 
Material's Laboratory, I specifically want to mention: Susan Jones, Lee Courtney, Mike 
Howard, Yu Cheng, Chris Jones, OHm, Katie, Lyndsey Mooring and Myles Worsley. 
During my PhD thesis I had the opportunity to meet many PhD students, I point 
especially to Abdelaziz El Gamouz to whom I got married and I thank him a lot for his 
continuous help and support during this work (before and after marriage). I would like to 
thank also my dear friends Muna AI-Olan, Samia Smail, Maryam Al Sallaqi, Hidaya, 
Sarah Hill and Julia Percival for their support and all my colleagues in the 
Thermochemistry Laboratory. I would like to give a special thank to people who helped 
me out with the characterisation of my samples. These include Yan ling, Chris Burt, VI ad 
Stolajan, Judith Peters, Dan Driscoll, Graham Wrights, Dan Fernandez, Veolita, Allodia, 
Alex, Spence Taylor and Benita. To all of them I express my deepest gratitude for their 
help. I would also like to mention the technicians and the undergraduate laboratory team 
who have made live easier for me. 
I would also like to thank BP and EPSRC for their financial support. 
Finally, I am forever indebted specifically to my mother Zeinab and father Ahmed 
Eltayeb, my husband Dr. Abdelaziz, my daughters Miriam, Hajar and Asmaa, my brother 
Islam, my sisters Suzan and Sally and their families, my sister-in-law Khadouj for moral 
and physical support, my father-in-law Touhami and my mother-in-law Aicha. I have to 
thank all of them for the encouragement and emotional support. 
iv 
Contents 
Contents 
1 Introduction ........................................................................................................•............ 24 
1.1 Chemistry of Barium Sulphate (BaS04) ........................................................................... 35 
1.2 Low solubility of Barium Sulphate BaS04 ....................................................................... 42 
1.3 Review on different Barium sulphate (BaS04) Morphology and Crystallography ......... 44 
1.4 Uses of Barium Sulphate (BaS04) .................................................................................... 55 
1.5 Formation of oil reservoirs and Barium Sulphate (BaS04) ............................................... 58 
1.6 Oil recovery and Barium Sulphate (BaS04) ..................................................................... 59 
1.7 Scaling (barium sulphate formation) ................................................................................. 61 
1.8 Possible solutions to prevent BaS04 formation during oil recovery ................................. 63 
1.9 Scaling rate determination or inhibition efficiency ........................................................... 65 
1.10 Aims and Objectives of this work ..................................................................................... 67 
2 Materials and Methods .................................................................................................... 69 
This chapter shows all the instruments used in the characterisation of barium sulphate 
nanoparticle prepared in this work. In addition to the methods and instruments used in barium 
sulphate nanoparticles application's .......................................................................................... 69 
2.1 Materials ........................................................................................................................... 69 
2.2 Methods ............................................................................................................................. 70 
2.2.1 Transmission Electron Microscope (TEM) ................................................................ 70 
2.2.2 Electron diffraction (ED) ............................................................................................ 74 
2.2.3 Dynamic Light Scattering (DLS) ............................................................................... 75 
2.2.4 Scanning electron microscopy (SEM) ........................................................................ 76 
2.2.5 Scanning Transmission Electron icroscope (STEM) .................................................. 78 
2.2.6 Electron Energy Loss Spectroscopy (EELS) ......... ~ .................................................... 78 
2.2.7 Conductivity ............................................................................................................... 79 
2.2.8 Infra red spectroscopy (IR) ......................................................................................... 79 
2.2.9 Flame atomic absorption spectrophotometry ............................................................. 80 
2.2.10 Gas Chromatography -Mass Spectrometer (GC-MS) ................................................ 81 
2.2.11 Inductively Coupled Plasma Mass Spectrometery (ICP-MS) ...... : ............................. 82 
2.2.12 X-ray diffraction (XRD) ............................................................................................. 83 
2.2.13 Barium Ion Selective Electrode (ISE) and Potentiometric measurements ................. 84 
2.2.14 2-Dimensional (2-D) imaging .................................................................................... 84 
2.2.15 Thermal gravimetric analysis (TGA) ......................................................................... 85 
v 
Contents 
2.2.16 Thermal programmed oxidation/reduction (TPOffPR) ............................................. 85 
2.2.17 Catalytic Rig ............................................................................................................... 86 
2.2.18 Summary .................................................................................................................... 88 
3 Colloidal BaS04 .......... ~ ................................................................................................... 90 
3.1 Introduction ....................................................................................................................... 90 
3.2 Experimental ................................................................................................................... 103 
3.2.1 Synthesis of colloidal BaS04 nanoparticles ............................................................. 103 
3.2.2 Formation of colloidal BaS04 using a tubular reactor .............................................. 103 
3.2.3 BaSO, crystallisation in the presence of phosphinocarboxylic acid ........................ 108 
3.3 Results and Discussion ................................................................................................... 109 
3.3.1 Colloidal BaSO, by rapid mixing ............................................................................. 109 
3.3.2 Formation of colloidal BaS04 using a tubular reactor .............................................. 110 
3.3.3 BaSO, crystallisation in the presence of phosphino poly (carboxylic acid) ............. 116 
3.3.4 Conclusions .............................................................................................................. 120 
4 BaS04 Microemulsions ................................................................................................. 121 
4.1 Introduction ..................................................................................................................... 121 
4.2 Experimental ................................................................................................................... 131 
4.2.1 Synthesis of BaSO, microemulsion using AOT, DDAB and CI2EO, as surfactants 132 
4.2.2 Synthesis of barium sulphate rnicroemulsion using sucrose esters .......................... 134 
4.2.3 Synthesis of BaSO, nanoparticles in TXI00 ............................................................ 134 
4.2.4 Phase inversion temperature (PIT) ........................................................................... 134 
4.2.5 Determination of water content using fractional distillation .................................... 134 
4.2.6 Freeze drying ............................................................................................................ 135 
4.2.7 Doping of Mg2+, S~ .. Ca2+ in BaSO, TX100 rnicroemulsion .................................. 135 
4.3 Results and Discussion ................................................................................................... 135 
4.3.1 BaSO, Microemulsions using AOT, DDAB and CI2EO, .......... : .............................. 135 
4.3.2 BaSO, microemulsions with SEs ............................................................................. 142 
4.3.3 Microemulsion formation of BaSO, in HLB2 .......................................................... 145 
4.3.4 Phase inversion temperature (PIT) .......................................... ~ ................................ 146 
4.3.5 PIT of BaSO, in TX 100 microemulsion .................................................................. 147 
4.3.6 Determination of water content in the top and bottom layers in BaSO, TXl00 
rnicroemulsion using Karl Fischer ....................................................................................... 149 
4.3.7 Ba content in BaSO, and TX100 microemulsion after fractional distillation using 
Atomic Absorption Spectrometry ........................................................................................ 150 
vi 
Contents 
4.3.8 Determination of water content by Gas Chromatography (GC) after distillation of the 
top layer ................................................................................................................................ 151 
4.3.9 Forming BaS04 nanoparticles by evaporation of solvents in BaS04 in TXlOO and 
C12E04 microemulsions (293K) ........................................................................................... 151 
4.3.10 Freeze dry BaS04 in C12E04 .................................................................................... 152 
4.3.11 Doping of S?+, Mg2+ and ea2+ in BaS04 microemulsion ......................................... 153 
4.3.12 Conclusions .............................................................................................................. 156 
5 Boehmite; its preparation and hosting BaS04 nanoparticles ................................ 158 
5.1 Introduction ..................................................................................................................... 158 
5.2 Experimental ................................................................................................................... 172 
5.2.1 Water-borne boehmite .............................................................................................. 172 
5.2.2 Sulphated and BaS04 embedded in water-borne boehmite ...................................... 173 
5.2.3 Stability of sulphated boehmite (S042-, AIOOH) ...................................................... 174 
5.2.4 Stober silica .............................................................................................................. 174 
5.2.5 Ba2+ doped on StOber silica (Ba2+/Si02) ................................................................... 175 
5.3 Results and Discussion ................................................................................................... 175 
5.3.1 Introduction .............................................................................................................. 175 
5.3.2 Water-borne boehmite .............................................................................................. 177 
5.3.3 Sulphated water-borne boehmite ..................... ~ ........................................................ 179 
5.3.4 BaS04 in water-borne boehmite sol ......................................................................... 180 
5.3.5 Freeze Drying of AIO(OH) and BaSOJAIO(OH) .................................................... 187 
5.3.6 Comparison between BaS04 in boehmite and StOber silica sols .............................. 191 
5.3.7 Barium sulphate in Stober silica sol ......................................................................... 192 
Brief introduction to Stober Silica ....................................................................................... : ... 192 
5.3.8 Results and discussion of BaS04 in Stober silica ..................................................... 193 
6 Applications ................................................................................................................... 196 
6.1 Introduction ..................................................................................................................... 196 
6.2 Experimental ........................................................................................................... : ....... 204 
6.2.1 Barium ion selective electrode (IS E) calibration ...................................................... 204 
6.2.2 Determination of the scale inhibition efficiency of BaS04 in H20 and AIOOH at 298 
K without agitation ............................................................................................................... 208 
6.2.3 Determination of the scale inhibition efficiency of BaS04 in H20 and AIOOH at 320 
K without agitation ............................................................................................................... 209 
6.2.4 Determination of the scale inhibition efficiency of BaS04 in H20 and AIOOH at 298 
K with agitation .................................................................................................................... 210 
vii 
Contents 
6.2.5 Determination of the scale inhibition efficiency of BaS04 in H20 and AIO(OH) at 
320 K with agitation ............................................................................................................. 211 
6.2.6 Determination of the solubility of extra pure, commercial and a prepared sample of 
BaS04 in H20 ....................................................................................................................... 212 
6.2.7 Determination of the optimum diagnosis for BaS04 in AIOOH using 2-D imaging 213 
6.2.8 Preparation of the catalysts and their catalytic activity tests .................................... 213 
6.3 Results and Discussion ................................................................................................... 214 
6.3.1 Comparison of BaS04 Scale inhibition efficiency in bulk, phosphinocarboxylic acid 
(D2086) and microemulsions ............................................................................................... 214 
6.3.2 Scale determination of BaS04 in water and water-borne boehmite ......................... 215 
6.3.3 BaS04 scale determination at 320 K ........................................................................ 217 
6.3.4 Comparison ofthe particle size of Boehmite, solI AIO(OH) and BaSOJ AIO(OH) 
223 
6.3.5 Determination of BaSOJwater and BaSOJAIOOH particle size changes during 
scaling without agitation .................... ; ................................................................................. 227 
6.3.6 Comparison of the solubility in water of extra pure, commercial and prepared mixture 
of BaS04 (0. 1M) samples .................................................................................................... 230 
6.3.7 BaS04 scale determination at 298 K ........................................................................ 234 
6.3.8 Conclusion ................................................................................................................ 237 
6.4 Determination of the Medical Diagnosis property of BaS04 in AIOOH using 2-D imaging 
for optimum results ......................................... ' ................................................................... : ..... 238 
6.4.1 A comparison between of BaS04 121 ppm in AIO(OH) and the commercial BaS04 in 
water using 2-D imaging ............................................................... ; .....................................• 239 
6.4.2 Conclusion ... : ..................................................•..•...........•.......................................... 242 
6.5 Catalytic Activity ............................................................... : .................... ~ ....................... 243 
6.5.1 TPO and TPR and CLC ............................................................................................ 243 
6.5.2 Catalytic test using a rig ........................................................................................... 243 
6.5.3 Results and Discussion ............................................................................................. 244 
6.5.4 Catalytic activity ....................................................................................................... 251 
6.5.5 Oxygen Storage Capacity (OSC) .............................................................................. 258 
6.5.6 Conclusions .............................................................................................................. 265 
7 Discussion and Conclusions ......................................................................................... 267 
7.1 Discussion ............................................................................................................... ~ ....... 267 
7.2 Conclusion and future work ............................................................................................ 269 
viii 
List o/Tables 
List of Figures 
Figure 1.1 Each lattice point specifies the location of a structural motif (e.g. molecule or atoms 
or ions or groups of these molecules). The crystal lattice is the array oflattice points [1] .... 24 
Figure 1.2 A unit cell is a parallel sided (but not necessarily rectangular) figure from which the 
entire crystal structure can be constructed by using only translations (not reflections, 
rotations or inversions) [1] ..................................................................................................... 25 
Figure 1.3 A unit cell can be chosen in a variety of ways (as shown). It is conventional to choose 
the cell that represents the full symmetry of the lattice [1] .................................................... 25 
Figure 1.4 Some planes that can be drawn in a rectangular space lattice and their corresponding 
Miller indices (hkl): (a) {110}, (b) {230}, (c) {11O} and (d) {01O} [1] ................................ 26 
Figure 1.5 Unit cells and a) three fold axis in tetrahedral array, b) two-fold axis in a monoclinic 
cell and c) triclinic unit cell (no rotational symmetry) [1] ..................................................... 27 
Figure 1.6 Phase diagram of BaS04, (dotted lines indicates uncertainties of solid solution range 
[7]) .......................................................................................................................................... 30 
Figure 1.7 Chemical formula of sulphate sol- [8] ....................................................................... 33 
Figure 1.8 A schematic representation of sulphur cycle [18] ....................................................... 34 
Figure 1.9 Chemical structure of barium sulphate ....................................................................... 36 
Figure 1.10 Perspective view of the structure of barite [26] ........................................................ 36 
Figure 1.11 Micrograph of barite formed [31] with a) rhombohedral and b) rectangular and 
rhombohedral morphologies .................................................................................................. 38 
Figure 1.12 OTPA structure [32] .................................................................................................. 38 
Figure 1.13 Micrograph of BaS04 crystal synthesised in a flowing solution (layer by layer growth 
habit) [31] ............................................................................................................................... 38 
Figure 1.14 Micrograph of BaS04 undergoing dissolution by OTPA after (0.5 h). The initial 
dissolution started on the {OOI} and {21O} surfaces [31] ...................................................... 39 
Figure 1.15 Micrograph of BaS04 dissolution undergoing by OTPA after (a) 1 hand (b) 3 h [31] 
................................................................................................................................................ 40 
Figure 1.16 Micrograph of BaS04 dissolution of barite by OTPA after 7 h [31] ......................... 40 
Figure 1.17 BaS04 precipitates in an experiment where the glass had only been ordinarily 
cleaned. 2050 crystals were found per mm3• In order to get more than one crystal in the photo 
(at a reasonable magnification) the precipitate was concentrated with sedimentation [4] ..... 41 
Figure 1.18 BaS04 precipitate from an experiment where the glass had been cleaned. Only 30 
crystals appeared per mm3 [4] ................................................................................................ 42 
ix 
List of Tables 
Figure 1.19 Schematic diagrams of large granellae mirror planes with a symmetry related faces 
from Aschemonella ramuliformis [42] ................................................................................... 45 
Figure 1.20 TEM micrographs and associated electron diffraction patterns of large granellae from 
granellare samples of Aschemonella ramuliformis (a, b) view down {001} axis; (c, d) view 
down {I OO} axis. Scale bar 0.5 Jlm [42] ................................................................................ 45 
Figure 1.21 TEM micrographs of small granellae isolated from specimens of Aschemonella 
ramuliformis. Scale bar 1 Jlm [42] ......................................................................................... 46 
Figure 1.22 Plot of the morphological forms of BaS04 crystals grown under different conditions 
of supersaturation (S) and ionic strength (I). Crystals are grown with their unit cell axes 
oriented in the same direction (the {001) axis is projected out of the page) [44] .................. 47 
Figure 1.23 SEM micrographs showing (a) control calcite crystals with smooth {I 04} 
rhombohedral faces, and (b) tabular calcite crystals grown at Ca:Li 1:20 with extensive 
hexagonal {001} truncated faces. Scale bar in both micrographs = 10 Jlm [45] ................... 47 
Figure 1.24 SEM micrographs of BaS04 crystals formed in the presence (a, c and e) and absence 
(b, d and f) of poly acrylic acid at various pH values [47] ...................................................... 49 
Figure 1.25 Experimental and calculated (bottom) powder X-ray diffraction profiles of BaS04 
[47] ......................................................................................................................................... 50 
Figure 1.26 BaS04 particles formed at pH 5 in the presence of a) 1 mglcm3 and b) 3 mglcm3 
PEO-b-PMAA [48] ................................................................................................................ 50 
Figure 1.27 BaS04 microstructures prepared at pH 5 in the presence of a) 1 mglcm3, b) 2 mglcm3, 
c) 3 mglcm3, d) 4 mglcm3 and e) 5 mglcm3 ofPEO-b-PMAA-P03H2(1%). Inset shows 
selected area electron diffraction pattern [48] ........................................................................ 51 
Figure 1.28 BaS04 particles and microstructures produced at pH 5 in the presence of DHBC 
mixtures at a total polymer concentration of 1 mglcml a) 1 : 9, b) 3 : 7, c) 5 : 5 and d) 7 : 3 
w/w mixtures ofPEO-b-PMAA-P03H2(1%) and PEO-b-PMAA. [48] ................................. 52 
Figure 1.29 BaS04 particles and microstructures produced at pH 5 in the presence of DHBC 
mixtures at a total polymer concentration of 3 mglcm3 a) 1 : 9, b) 2 : 8, c) 3 : 7, d) 5: 5 and 
e) 7: 3 w/w mixtures ofPEO-b-PMAA-P03H2(1%) and PEO-b-PMAA. f) Optical 
microscopy image showing sheet of co-aligned BaS04 fiber-bundles formed with a 5 : 5 w/w 
mixture ................................................................................................................................... 54 
Figure 1.30 Schematic of chemical looping combustion .............................................................. 57 
Figure 1.31 Emission of NO x by source category in (a) the USA and (b) European Countries [58] 
................................................................................................................................................ 58 
Figure 1.32 Schematic diagram showing oil trapped in rocks ...................................................... 60 
x 
List of Tables 
Figure 1.33 Scheme showing the various EOR processes [69] ..................................................... 61 
Figure 1.34 Diagram showing secondary (2°) oil recovery and BaS04 formation ....................... 62 
Figure 1.35 Permeability ratio versus time at (a) 323 K and (b) 353 K and ~P = 100 MPa [73].62 
Figure 1.36 Barite dissolution profile curves by 0.18 M dissolvers in a stirred system A) DTPA 
and B) EDTA [74] .................................................................................................................. 64 
Figure 1.37 Generic formulas of (a) PMA-PVS, a copolymer of maleic acid and vinyl sulfonic 
acid and (b) PPAA-phosphinopoly acrylate, both in their uncharged states [76] .................. 64 
Figure 1.38 TEM for BaS04coated with polyaniline [79] ............................................................ 66 
Figure 1.39 Photomicrograph of barium sulphate particles in microemulsion [80] ...................... 66 
Figure 2.1 Transmission electron microscope [82] .............................................. : ........................ 71 
Figure 2.2 Electron gun ................................................................................................................. 71 
Figure 2.3 The two lens condenser system [83] ............................................................................ 72 
Figure 2.4 The specimen holder [83] ............................................................................................ 72 
Figure 2.S Electromagnetic lenses [83] ......................................................... : ................... : ........... 73 
Figure 2.6 The scattering of an incident beam [83] ...................................................................... 75 
Figure 2.7 Schematic diagram of a DLS [84] ............................................................................... 76 
Figure 2.8 Scanning electron microscope (SEM) [82] ................... Error! Bookmark not defined. 
Figure 2.9 SEM electron gun [82] ................................................. : ............................................... 77 
Figure 2.10 Simple diagrams of STEM and (S)TEM side by side [85] ........................................ 78 
Figure 2.11 Sketch diagram showing FrIR [88] .................................................... ~ ...................... 80 
Figure 2.12 Sketch diagram of atomic absorption [89] ................................................................. 80 
Figure 2.13 Gas chromatography [90] .......................................................................................... 82 
Figure 2.14 Form of sample in ICP-MS ........................................................................................ 83 
Figure 2.15 Diagrams show (top) an un attenuated beam and (bottom) an x-ray beam passing 
through a foil into detectors [92] ............................................................................................ 85 
Figure 2.16 Schematic of the setup of the catalytic rig showing the main components, 
connections and gas flow routes [95] ..................................................................................... 88 
Figure 3.1 Offshore SR90 membrane plant [97] ........................................................................... 91 
Figure 3.2 BaS04 crystals [97] ...................................................................................................... 92 
Figure 3.3 BaS04 crystals grown at lower supersaturation; 40 parts 500 ppm Ba mixed with 60 
parts 350 ppm S04, Final [Ba]= 200 ppm [105] .................................................................... 95 
Figure 3.4 BaS04 crystal grown in the volume ratio of 40:60 FW l:SW 1. Final [Ba] = 425 ppm 
[105] ....................................................................................................................................... 95 
xi 
List of Tables 
Figure 3.5 BaS04 crystals grown in the presence of a maleic acid homopolymer scale inhibitor: 
(a) a conical nucleation or termination point. (b) bundles of needles [105] .......................... 96 
Figure 3.6 BaS04 fractal-like structures obtained with polymeric additives [105] ....................... 97 
Figure 3.7 SEM micrograph of solids (pseudo-scale) deposited in the presence of 400 ppm of 
P085 [105] ............................................................................................................................. 98 
Figure 3.8 Behaviour of a water droplet on thin BaS04 nanoparticles pellet whose surface was 
modified by various amounts of ODP: (a) 0 wt.%, (b) 0.85 wt.%, (c) 1.85 wt.%, (d) 2 wt.% 
and (e) 2.5 wt.% [120] ...................... ; .................................................................................... 99 
Figure 3.9 TEM micrograph of the hydrophobic nanoparticles obtained with 2 wt. % ODPIBaS04. 
The inset image is selected part of micrograph at the arrow position and is magnified four 
times [120] ........................................................................................................................... 100 
Figure 3.10 Morphology and size of BaS04 as a function of BaCh:K2S04 molar ratio with BaCh 
feed at 150 rpm [123] ........................................................................................................... 101 
Figure 3.11 TEM images of BaS04 nanoribbons grown in the surface film (nanomangle) in the 
reactor in Figure 3.8 [125] ................................................................................................... 102 
Figure 3.12 Reactor used to precipitate BaS04 [125] ................................................................. 103 
Figure 3.13 Tubular reactor used in the precipitation of BaS04 ......................................... ; ....... 105 
Figure 3.14 Reynolds number relating to a range of velocities in the reactor (small pipe) ........ 106 
Figure 3.15 Reynolds number against velocity in a large pipe ................................................... 107 
Figure 3.16 a) View of the low Shear 30 Viscometer and b) the cup and bob [136] .................. 108 
Figure 3.17 TEM of colloidal BaS04 1:3 ratio (rhombohedra size 50-150 nm) ........................ 110 
Figure 3.18 The tubular reactor used in this work ................................................... ; .................. 111 
Figure 3.19 STEM of BaS04 formed by tubular reactor mixing of BaCh and Na2S04 .............. 113 
Figure 3.20 EDX of nanoribbons shown in Figure 3.10 .......... : .................................................. 114 
Figure 3.21 The DLS of dendritic BaS04particles formed by BaCh:Na2S04 (1:1,1:5 and 1:10) 
ratio ...................................................................................................................................... 114 
Figure 3.22 TEM images for rapid mixing of BaCh and Na2S04 ............................................... 115 
Figure 3.23 DLS of BaS04 formed by rapid mixing ................................................................... 116 
Figure 3.24 Chemical structure of the Polyphosphino carboxylic acid inhibitor [132] .............. 117 
Figure 3.25 TEM of BaS04 inhibited by Bellasol S50 a, b) nanofilaments cone-like, c and d) 
Amorphous size (174x293- 270x326 nm) ........................................................................... 118 
Figure 3.26 Diagram of predicted nucleation and growth of BaS04 nanofilaments ................... 119 
Figure 4.1 Nanoparticle formation in aqueous microemulsion droplets in oil [138] .................. 121 
Figure 4.2 a) Micelle (O/W) and b) Reverse micelle (W/O) ....................................................... 122 
xii 
List of Tables 
Figure 4.3 Winsor's microemulsion classification [141] ............................................................ 123 
Figure 4.4 a) (l1-methacryloyloxyl)undecyldimethyl ammonium bromide, b) (11-
methacryloyloxyl)didecyldimetbyl ammonium bromide [151] ........................................... 127 
Figure 4.5 Sucrose mono-ester [156]. R= alkyl group ................................................................ 128 
Figure 4.6 Aqueous microemulsion nanodroplet in oil [163] ..................................................... 131 
Figure 4.7 Formation of BaS04 in a microemulsion ................................................................... 137 
Figure 4.8 TEM of a) AOT platelets, b) AOT nanoribbons, c) cylindrical BaS04 with DDAB and 
d) baguettes and thin platelets .............................................................................................. 139 
Figure 4.9 Proposed model for the formation of AOT filament [149] ........................................ 140 
Figure 4.10 DLS of AOT in isooctane ........................................................................................ 141 
Figure 4.11 Secondary growth of nanoparticles in transient droplet dimmers [168] .................. 142 
Figure 4.12 TEM of BaS04 with SEs a) HLB 2, b) HLB 6, c) HLB 15 and d) HLB 16 ............ 143 
Figure 4.13 TEM of HLB 2 sucrose ester ................................................................................... 143 
Figure 4.14 Conductivity versus concentration of HLB 2, 6,11 and 16 ..................................... 145 
Figure 4.15 Three-phase diagram of BaS04 in SE HLB 2 in xylene/water/propanol 
microemulsion ...............................................................•....................................•................. 145 
Figure 4.16 shows TEM of BaS04 nanoparticles formed at the top layer after PIT (size 11-29 
nm) ....................................................................................................................................... 147 
Figure 4.17 FTIR spectra of top and bottom phases of BaS04 in TXl00 microemulsions (after 
phase inversion at 268 K) ..................................................................................................... 148 
Figure 4.18 GC-MS of distillate from BaS04 in TXl00 microemulsion .................................... 151 
Figure 4.19 TEM of BaS04 residue after evaporation of cyclohexane at 293 K; a) in TXl00 and 
b) in CI2E04 ......................................................................................................................... 152 
Figure 4.20 TEM of BaS04 after freeze dry; a) in CI2E04 and b) in TXl00 c) EDAX of a and b 
.............................................................................................................................................. 153 
Figure 4.21 TEM of: a) MglBaS04, b) Ca/BaS04 and c) SrIBaS04 nanoparticles in TXl00 ..... 154 
Figure 4.22 a) SEM of SrIBaS04 in TXl00, b) EDX of SrS04 doped in BaS04 ........................ 154 
Figure 4.23 EDAX of MglBaS04 in TXl00 microemulsion ...................................................... 154 
Figure 4.24 Elemental mapping for Figure 4.21: a)Ba b) 0 c) S and d) Sr ................................ 155 
Figure 4.25 a) MglBaS04, b)SrlBaS04 in CJ2E04 microemulsion ............................................. 156 
Figure 5.1 Structure of boehmite (AIOOH) ................................................................................ 158 
Figure 5.2 Schematic representation of the dehydration process of boehmite ............................ 160 
Figure 5.3 Dependencies of log Cc on pH for colloidal alumina at 295K. For KN03 (+), ......... 165 
xiii 
List of Tables 
Figure 5.4 Spectra of the boehmite powders: a) 0.4 HCI, b) 0.25 HCI, c) 0.1 HCI and d) 0.1 HN03 
[187] ..................................................................................................................................... 166 
Figure 5.5 TEM micrographs of (a) alumina sol without EAcAc, (b) alumina sol with ............. 167 
Figure 5.6 UV absorption spectra of EAcAc, alumina sol without EAcAc and alumina soL .... 168 
Figure 5.7 Micrograph of the sol sample without sulphate ions [192] ........................................ 169 
Figure 5.8 Micrographs of non-aged samples prepared at different solI Al molar ratio: ......... 169 
Figure 5.9 (a-c) TEM micrographs of non-aged samples and (d) a sample aged for 20 ............. 170 
Figure 5.10 (a) TEM of isolated capsule, (b) STEM micrograph of the same capsule, (c) ........ 170 
Figure 5.11 Atom distribution in the Al 13 tridecamer [194] ........................................................ 171 
Figure 5.12 Micrograph of aged SOllAI samples (a) few days aging and (b) 20 days ............. 171 
Figure 5.13 Pictures of a) Stober silica clear solution and b) BaS04 in Stober silica opaque 
solution ................................................................................................................................. 175 
Figure 5.14 Sketch diagram explaining the formation of BaS04 on boehmite surface ............... 176 
Figure 5.15 TEM images of boehmite after peptization using a) HCI 0.1, b) HCI 0.07 ............. 177 
Figure 5.16 Particle size of Boehmite before peptization by DLS .............................................. 178 
Figure 5.17 Particle size of boehmite after peptization ............................................................... 178 
Figure 5.18 TEM images of SolI AIO(OH) a) 11,000 x and b) 50,000 x ................................. 179 
Figure 5.19 Particle size of boehmite and sulphated-boehmite ................................................... 180 
Figure 5.20 Particle size of solI AIOOH after boiling and addition of salt .............................. 180 
Figure 5.21 SEM images BaS04 in AIO(OH) a) 2, (b) 4 and c, d) 6 J.1mo1l5cm3 ........................ 182 
Figure 5.22 Relationship between BaCh in mmolldm3 and average particle size ...................... 183 
Figure 5.23 Average number of particles versus BaCh molldm3 ............................................... 183 
Figure 5.24 EDX and % of elements ......................................................................................... 183 
Figure 5.25 a) TEM analysis of BaS04 in AlO(OH), b, c, d, e and fare Ba, S, 0, Al and C 
elemental maps respectively in (a) ....................................................................................... 184 
Figure 5.26 EDX of image (a) in Figure 5.24 ............................................................................. 185 
Figure 5.27 Dynamic light scattering (DLS) of AIO(OH), sulphated AIO(OH) and BaCh (2, 4 
and 6 J.1mo1l5cm3) in AIO(OH) ............................................................................................. 185 
Figure 5.28 Electron diffraction of BaS04 particle in AIO(OH) ................................................. 186 
Figure 5.29 Electron energy loss spectroscopy (EELS) of a) Ba L edge, b) Ba N edge and S L 
edge, c) 0 K edge, d) Al and SLedge and e) C Kedge ...................................................... 187 
Figure 5.30 SEM of dried a) AIO(OH) and b) BaS04 (6 J.1mmoll5cm3) in AIO(OH) ................. 188 
Figure 5.31 EDX of sample in Figure 5.28b ............................................................................... 188 
Figure 5.32 XRD of a) AIO(OH) and b) BaS04 in AIO(OH) ..................................................... 189 
xiv 
List of Tables 
Figure 5.33 IR of (a) AIO(OH), (b) and (c) (4 J!mo1l5cm3) and (6 J!mo1l5cm3) BaS04 in AIO(OH) 
respectively .......................................................................................................................... 190 
Figure 5.34 Scheme suggesting the oil recovery using AIO(OH) sol ......................................... 192 
Figure 5.35 TEM of Stober silica size 8-15 nm .......................................................................... 193 
Figure 5.36 EDX of Stober silica ................................................................................................ 194 
Figure 5.37 TEM of BaS04 in Stober silica (size 7-37 nm) ........................................................ 195 
Figure 6.1 Schematic representation of an active surface area before and after scale deposition 
[215] ............... : ..................................................................................................................... 198 
Figure 6.2 Precipitation/deposition apparatus used in reference[215] ........................................ 199 
Figure 6.3 (a) Turbidity of the bulk solution versus time. (b) Expanded portion of Figure 6.3 (a) 
for the period covering the first 10 min [215] ..................................................... : ................ 201 
Figure 6.4 Relative amount of BaS04 deposited at the surface and precipitated in the solution 
[215] ..... ; ............................................................................................................................... 203 
Figure 6.5 Barium ion selective electrode together with ion meter and the closed system used for 
BaS04 scale measurements at 298 and 320 K ...................................................................... 205 
Figure 6.6 Calibration plot of Ba ISE at 298 K showing the mV against log [Ba2+ .................... 205 
Figure 6.7 Calibration plot of Ba ISE at 320 K showing the m V against log [Ba2+] .................. 208 
Figure 6.8 BaS04 (121 ppm) scaling in water and SOlIAIO(OH) at 298 K (1:1 Ba2+:S0l ratio) 
..................... .' ........................................................................................................................ 216 
Figure 6.9 [Ba2+] from an initial Ba concentration (64 ppm) from SOllwater and SO/"/AIO(OH) 
sols at 298 K (1:1 Ba2+:S042' ratio) ...................................................................................... 216 
Figure 6.10 [Ba2+] versus time of BaS04 (64 and 121ppm) in SOllwater and SOlIAIO(OH) 
sols at 298K (1:1 Ba2+:S042' ratio) ....................................................................................... 217 
Figure 6.11 [Ba2+] versus time in SOllwater and SOllAIOOH sols at 320 K (1:1 Ba2+:SOl 
ratio) ..................................................................................................................................... 218 
Figure 6.12 Reduction of [Ba2+] in SOlIAIO(OH) sol (1:1 Ba2+:S0l ratio) at 298 and 320 K219 
Figure 6.13 [Ba2+] precipitated versus time in SOlIAIO(OH) sol (1:1 Ba2+:S0l ratio) at 298 K 
.............................................................................................................................................. 220 
Figure 6.14 [Ba2+] precipitated versus time in SOlIAIO(OH) sol at 320 K .............................. 221 
Figure 6.15 [Ba2+] precipitated versus time in SOlIAIO(OH) sol at 298 and 320 K ................ 222 
Figure 6.16 Particle size (from top to bottom AIO(OH), SolI AIO(OH), BaSOJ AIO(OH) at 
64,90 and 121ppm) ............................................................................................................. 224 
Figure 6.17 Concentration of Ba2+ added to AIO(OH) versus particle size (small particle sizes, 
Table 6.4) ............................................................................................................................. 225 
xv 
List o/Tables 
Figure 6.18 Increase in particle size versus Ba2+ added to AIO(OH) (large particles sizes, Table 
6.4) ....................................................................................................................................... 225 
Figure 6.19 SEM of a), b) 64 ppm Ba2+, c) 91.3 ppm Ba2+ and d) 121 ppm Ba2+ ....................... 226 
Figure 6.20 TEM of a) 121 ppm Ba2+ , b) (a)x24, c) (a)x75 and d) EDX of (a) ......................... 227 
Figure 6.21 Particle size of BaSOJ AIO(OH) versus time at 298K (1: 1 Ba2+:S0l ratio) during 
the scaling process ............................................................................................................... 228 
Figure 6.22 Particle size of BaSOJH20/ AIO(OH) versus time at 298K (1:1 Ba2+:S0l ratio) 
during scaling process .......................................................................................................... 229 
Figure 6.23 Comparison of [Ba2+] versus time for BaS04: extra pure, Viaton' sand 1: 1 mixture 
prepared ................................................................................................................................ 230 
Figure 6.24 BaS04 particle size using DLS nanoseries .............................................................. 231 
Figure 6.25 XRD of BaS04 mixture (BaCh:Na2S04 1: 1) ........................................................... 232 
Figure 6.26 XRD of extra pure BaS04 ........................................................................................ 233 
Figure 6.27 XRD of BaS04 sample prepared using 121 ppm BaCh and Na2S04 in water ......... 233 
Figure 6.28 [Ba2+] against time with agitation at 298 K ............................................................. 234 
Figure 6.29 [Ba2+] against time at 320 K .................................................................................... 235 
Figure 6.30 [Ba2+] precipitated from AIO(OH) sol against time at 298 K .................................. 236 
Figure 6.31 Ba precipitated from AIO(OH)sol against time at 320 K ........................................ 236 
Figure 6.32 2-D images of commercial BaS04 in water (left hand side) and in water-borne 
boehmite (right hand side) at a) 0, b) 30, c)60 and d) 90 min .............................................. 240 
Figure 6.33 lllustrates top:bottom ratio mean deviation of BaS04 in AIO(OH) versus time ..... 241 
Figure 6.34 lllustrates top:bottom ratio mean deviation of commercial BaS04 in H20 versus time 
.............................................................................................................................................. 241 
Figure 6.35 2-D images of water only ......................................................................................... 242 
Figure 6.36 DLS of 5 % BaC20J AIO(OH), 5 % BaPt/ AIO(OH) and 5 % BaAuI AIO(OH) ... 244 
Figure 6.37 STEM of a) 5 % BaC20J AIO(OH) and b) 5 % BaPt/ AIO(OH) nanoparticles ..... 245 
Figure 6.38 TEM image of 5 % BaAuI AIO(OH) a) single crystals, b) aggregate of some crystals 
.............................................................................................................................................. 245 
Figure 6.39 XRD of 5 % BaC20J AIO(OH) «*)AIO(OH)peaks) .............................................. 246 
Figure 6.40 XRD of 5 % BaPtIAIO(OH) «*)AIO(OH) peaks and (+) BaC20 4 peaks) .............. 247 
Figure 6.41 XRD of 5 % BaAulAIO(OH) «*)AIO(OH) peaks, (+) BaC20 4 peaks) .................. 247 
Figure 6.42 TOA of 5 %BaC20J AIO(OH) in air a rate of 10 Klmin ........................................ 248 
Figure 6.43 TOA of AlO(OH) only in air a rate of 10 Klrnin .................................................... 249 
Figure 6.44 TOA of 5 % BaSOJAIO(OH) in air a rate of 10 Klmin ......................................... 249 
xvi 
List of Tables 
Figure 6.45 TGA of 5 % BaAulAIO(OH) in air a rate of 10 Klmin .......................................... 250 
Figure 6.46 TGA of 5 % BaPtIAIO(OH) in air a rate of 10 Klmin ............................................. 250 
Figure 6.47 Conversion of CO, NOx and HC using AIO(OH) only at u!V=60000/h under 
stoichiometric conditions A.=1 .............................................................................................. 253 
Figure 6.48 Conversion of CO, NOx and HC using 5% BaSOJAIO(OH) catalyst at u!V=600001h 
under stoichiometric conditions 1=1 .................................................................................... 254 
Figure 6.49 Conversion of CO, NOx and HC using pure BaS04 (99.9%) catalyst at u!V=60000/h 
under stoichiometric conditions 1=1 .................................................................................... 254 
Figure 6.50 Conversion of CO, NOx and HC using 5 % BaC20J AIO(OH) catalyst at 
u!V=60000/h under stoichiometric conditions 1=1. ............................................................. 255 
Figure 6.51 Conversion of CO, NOx and HC using 2.5% BaPtlAIO(OH) catalyst at u!V=60000/h 
under stoichiometric conditions 1=1 .................................................................................... 256 
Figure 6.52 Conversion of CO, NOx and HC using 5 % BaAulAIO(OH) catalyst at u!V=60000/h 
under stoichiometric conditions 1= 1 .................................................................................... 257 
Figure 6.53 Conversion of CO, NOx and HC using TWC MIRA catalyst at u!V=60000/h under 
stoichiometric conditions A.=1 .............................................................................................. 257 
Figure 6.54 Measurements of the OSC, the percentage of total oxygen (from 2 cm3 of dry air) 
stored on different catalysts at 873 K ................................................................................... 259 
Figure 6.55 XRD of Ah030n1y (AIO(OH) after catalysis) ....................................................... 261 
Figure 6.56 XRD of 5 % BaSOJ AIO(OH) ................................................................................ 262 
Figure 6.57 XRD of 5 % BaS04 pure ........................................................................................ 263 
Figure 6.58 XRD of 5 % BaC20JAh03 .................................................................................... 264 
Figure 6.59 XRD of 5 % BaAuI Ah03 (*) showing the Ah03 peaks .......................................... 264 
Figure 6.60 XRD of 5 % BaPtlAh03 after catalysis «*)Ah03 peaks) ....................................... 265 
xvii 
List of Tables 
List of Tables 
Table 1.1 The seven crystal systems [1] ....................................................................................... 27 
Table 1.2 BaS04 precipitation rate versus temperature (without DETPMP) [81] ........................ 67 
Table 1.3 Temperature and DETPMP adsorption effects on precipitated BaS04 crystals [81] ..... 67 
Table 3.1 BaS04 inhibitor polymers and phosphonate-based molecules ....................................... 92 
Table 3.2 Schematic of organic additives investigated [101] ........................................................ 93 
Table 3.3 Different crystal habits of BaS04 formed using polymers of maleic acid and acrylamide 
inhibitors [105] ............................. ~ ......................................................................................... 94 
Table 3.4 Different crystal shapes of BaS04-inhibited (I) or modified (MD) at various pH values 
................................................................................................................................................ 96 
Table 3.5 BaS04 particles and sizes formed in presence of P085 inhibitor and its scale inhibition ' 
efficiency ................................................................................................................................ 98 
Table 3.6 Various volumes of BaCh and Na2S04 mixed to give BaS04 ..................................... 104 
Table 3.7 Types of phosphinocarboxylic acid used as inhibitors ................................................ 108 
Table 3.8 Sizes of prepared nanoparticles by DLS ...................................................................... 109 
Table 3.9 Phosphinocarboxylic - modified crystallisation of BaS04 nanoparticles and their sizes 
by DLS ............................... : ................................................................................................. 118 
Table 3.10 Sizes of BaS04 nanofilaments analysed by TEM ................................................. ~ .... 119 
Table 4.1 Common hydrophilic groups commercially available surfactants [140] ..................... 125 
Table 4.2 Common hydrophobic groups in commercially available surfactants [140] ............... 125 
Table 4.3 Physical properties of sucrose ester emulsifiers [157]-[158] ....................................... 129 
Table 4.4 Surfactants used in this work .. : .................................................................................... 132 
Table 4.5 Variable weights of surfactants used ........................... : ........................ : ...................... 133 
Table 4.6 Variable concentrations of HLB 2 used to form the BaS04 microemulsion ................ 133 
Table 4.7 Surfactant concentrations, Wvalues ... : ......................................................................... 136 
Table 4.8 Conductivities of microemulsions used in BaS04 preparation .................................... 144 
Table 4.9 PIT for BaS04 in HLB 2, 6 and 11 microemulsions .................................................... 146 
Table 4.10 Conductivities of BaS04 in TX 1 00 microemulsion ................................................... 148 
Table 4.11 Percentage of water content in top and bottom layers of BaS04 in TX 1 00 after PIT 149 
Table 4.12 Ba content in BaS04 using Atomic absorption spectrometry .................................... 150 
Table 5.1 Mole ratio of acid used and clarity of so1.. ................................................................... 162 
Table 5.2 Acid used for peptization and its affect on sol formation ............................................ 163 
Table 5.3 Effect of acid concentration on particle size of alumina .............................................. 164 
xviii 
List o/Tables 
Table 5.4 Effect of boiling and salinity of water on boehmite particle size ................................. 179 
Table 5.5 mmoles percentage of AIOOH, BaCtz and Na2S04 per 5 cm3 AIOOH in the initial and 
final additions ....................................................................................................................... 181 
Table 5.6 Weight percentages of AIOOH, Ba2+and sol per 5 cm3 AIOOH ............................. 181 
Table 5.7 The theoretical and actual weight (gl5cm3), actual weight and atom percentage % .... 184 
Table 5.8 Particle sizes measured by OLS ................................................................................... 186 
Table 5.9 The mechanism sequence of BaS04 sols of AIO(OH) and StOber silica ..................... 191 
Table 5.10 StOber silica elements found by EOX and their weight and atomic percentages ....... 194 
Table 6.1 Amount of precipitate after 1 h in the uninhibited and inhibited solutions ................. 201 
Table 6.2 Barium ion electrode calibration spread sheet at 298 K .............................................. 206 
Table 6.3 Barium ion electrode calibration spread sheet at 320 K .............................................. 207 
Table 6.4 Excel spread sheet showing the calculations used to measure [Ba2+] ......................... 209 
Table 6.5 Excel spreadsheet showing the calculations used to measure [Ba2+] in 121 ppm BaS04 
in AIOOH at 320 K without agitation .................................................................................. 210 
Table 6.6 Excel spreadsheet showing the calculations used to measure [Ba2+] in 121 ppm BaS04 
in water-borne boehmite at 298 K with agitation ................................................................. 211 
Table 6.7 Excel spread sheet showing the calculations used to measure [Ba2+] in 121 ppm BaS04 
in water-borne boehmite at 320 K with agitation ................................................................. 211 
Table 6.8 Excel spread sheet showing the calculations used to measure [Ba2+] in 121 ppm BaS04 
in water-borne boehmite at 320 K with agitation ................................................................. 212 
Table 6.9 Ba2+ concentration in BaS04 microemulsion, mixture and 02068 solutions .............. 215 
Table 6.10 [Ba2+] left in AIO(OH) sol after allowed to scale for 6 h ........................................... 222 
Table 6.11 Percentage of Ba precipitated after 6 h from water and AIO(OH) at 298 and 320K 223 
Table 6.12 The particle sizes of AIO(OH), solI AIO(OH), BaSOJ AIO(OH) 45.6, 91.3 and 
121ppm respectively ............................................................................................................ 226 
Table 6.13 Particle size of BaS04 (mixture), Viaton's and extra pure BaS04 ............................. 231 
Table 6.14 Percentage of particle sizes in different BaS04; pure, prepared (BaCh:Na2S04 1:1) and 
BaCh:Na2S04 1:1 in 5 cm3 water. Comparative studies ...................................................... 233 
Table 6.15 Percentage of Ba2+ precipitated after 6 h from H20 and AIO(OH) sols at 298 and 320 
K ........................................................................................................................................... 237 
Table 6.16 Percentage of barium precipitated after 6 h from water and AIO(OH) sols at 298 and 
320 K with and without agitation ......................................................................................... 238 
Table 6.17 Mean pixel value and standard deviation of water only ............................................ 241 
Table 6.18 TGA results of catalysts and total weight loss ........................................................... 251 
xix 
List of Tables 
Table 6.19 Light of temperature (LOT) for He and CO using different catalysts ....................... 258 
Table 6.20 ose pulse data for 5 % BaSOJAIO(OH) at 298 K ................................................... 259 
Table 6.21 ose pulse data for 5 % BaSOJAIO(OH) at 873 K ................................................... 260 
xx 
Glossary of Terms 
Glossary of Terms 
AA atomic absorption 
AIOOH aluminium oxyhydroxide 
AOT sodium bis-2-ethylhexylsulfosuccinate 
ASB aluminium tri-sec butoxide 
CMC critical micelle concentration 
CODRIFf carbon monoxide DRIFf spectroscopy 
CSD crystal size distribution 
C12E04 polyoxyethylene-4-dodecyl ether 
DDAB didodecyldimethylammonium bromide 
DETPMP diethylenetriamine penta (methylene phosphonic acid) 
DHBCs double hydrophilic block copolymers 
DLS dynamic light scattering 
DTA diffraction thermal data 
DTPA diethylenetrinitrilopentaacetic acid 
DSC differential scanning calorimetry 
ED electron diffraction 
EDTA ethylendinitrilotetraacetic acid 
EDX Energy dispersive analysis X-ray 
EELS Electron energy loss spectroscopy 
EtOH ethanol 
G Gibbs free energy 
H enthalpy 
HLB hydrophylic-lipophilic balance 
(A,gIr) electron gain enthalpy 
ICP inductively coupled plasma emission spectroscopy 
xxi 
TX-lOO 
W 
(W/O) 
p 
Glossary of Terms 
Triton-X 100 or polyethylene glycol p(1.1.3.3-
tetramethylbutyl)- phenylether 
tungsten 
water-in-oil emulsion 
density 
xxiii 
ISA 
ISE 
LOT 
MPa 
MW 
NIBS 
ODP 
(O/W) 
PEO-b-PMAA 
PEO-b-PMAA-P0 3H2 
PIT 
PPCA 
ppm 
ppb 
ROE 
rpm 
RT 
SDS 
SE 
SEM 
SSFE 
STEM 
T 
TEM 
Glossary of Terms 
ionic strength adjuster 
ion selective electrode 
Lanthanum hexaboride 
Light-off Temperature 
mega Pascal 
molecular weight 
non-invasive back scatter 
octadecyl dihydrogen phosphate 
oil-in-water emulsion 
poly(etbyleneoxide)-block-poly(metbacrylic acid) 
poly(ethyleneoxide)-block-poly(methacrylicacid) 
'monophosphonated derivative 
phase inversion temperature 
polyphosphinocarboxylic acid 
part per million 
part per billion 
rotating disk electrode 
revolution per minute 
room temperature 
sodium dodecyl sulphate 
sucrose ester 
scanning electron microscope 
specific surface free energy 
scanning transmission electron microscope 
temperature 
Transmission electron microscope 
xxii 
Chapter i introduction 
Chapter 1 
1 Introduction 
This chapter mentions some definitions for words and phrases which wi ll be mentioned in 
this thesis, in addition to introduction for the main aim of this work. 
Unit Cell 
Generally a crystal is built up from regularly repeating 'structural motifs or pattern', 
which may-be atoms, molecules, or groups of atoms, molecules or ion. Points 
representing the location of these motifs form a pattern called 'space lattice' (Figure 1.1). 
This space lattice is a three dimensional, infinite array of point, each of which is 
surrounded in an identical way by its neighbours forming the crystal. In other word , a 
unit cell can be formed by joining neighbouring lattice points by straight line (Figure 
1.2) [1]. Over all the lattice can be described by an infinite number of unit cells, but 
normally it is the one with sides that have the shortest lengths and that are nearly 
perpendicular to one another. The lengths of the sides of a unit cell are denoted a, band c 
and the angles between them are denoted a, ~ and y (Figures 1.3). 
Lattice pOint 
..• • L • • • • 
• • • • • • • 
• • • • • • • • 
• • • • • • • • 
• • 
, 
• .. • • • • 
• • • • • • • • 
• • • • • • • • 
Structural motif 
Figure 1.1 Each lattice point specifies the location of a structural motif (e.g. molecule or 
atoms or ions or groups of these molecules) . The crystal lattice is the array of lattice 
points [1] 
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-.k~J I 
I 
/ -+----1--,; 
I I l/ : ---l--+-
-r----- .. ~-~ 
Figure 1.2 A unit cell is a parallel sided (but not necessarily rectangular) figure from 
which the entire crystal structure can be constructed by using only translations (not 
reflections, rotations or inversions) [1] 
• • • • • • • • 
• • • • • • • • 
• 0 • • • • • • ~ • • • • .. • • • • • 
• • • 
0 • • • 
Figure 1.3 A unit cell can be chosen in a variety of ways (as shown). It is conventional to 
choose the cell that represents the full symmetry of the lattice [1]. 
Miller Indices 
The Miller indices, (17kl), are the reciprocals of intersection distances. Looking at the 
planes in Figure 1.4: 1.4 a they can be labelled as (1,1,00) which are the {IlO} planes in 
Miller notation. Similarly the Figure 1.4 b (1/2, 113, co) is denoted {230}. Figures 1.4 c 
and d (-1,1, co) and (co,l, co) are {- lID} and {OlO} respectively. The negative indices are 
written with a bar over the number [1] . 
Crystal Morphology 
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Unit cells are classified into seven crystal systems (Table ].] ) by noting the rotational 
symmetry element they possess. A cubic unit cell, ha four threefold axes in a tetrahedral 
array (Figure 1.5 a). 
(a) (c) 
• • • . • • • • Q 
" • • 
. -- .... --.~ • • 
• • • • • e ~ 0 
_-_e__ 
• • • • • 
- ....... -;~ • • • • 
-
.--. • • • • • • 
l»- • • • • • ......--. 
• • • • • -------~ 
-
• • • • ~ .•.. ----
(b) (d) 
Figure 1.4 Some planes that can be drawn in a rectangular pace lattice and their 
cOiTesponding Miller indices (hkl): (a) {llO}, (b) {230}, (c) {llO} and (d) {OlO} [1]. 
A monoclinic unit cell has one two fold aXIs; for example, the unique ax is is by 
convention the b-ax is (Figure].5 b). A triclinic unit cell has no rotational symmetry, and 
typically all three sides and angles are different (Figure] .5 c) Es ential symmetry i : the 
elements that must be pre ent for the unit cell to be long to a particular symmetry [I]. 
The morphology of a cry tal is theoretically explained by the Wulff-equation a follows: 
(1.] ) 
In equation (1.] ) C is a constant, Yi is the specific surface free energy (SSFE) of the ith 
(arbitrary) face of the cry tal and hi is the length of the normal line to the ith face from the 
Wulffs point in the crystal [2]. 
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Table 1.1 The seven crystal systems [I] 
System Essential symmetry 
Triclinic None 
Monoclinic One C2 axis 
Orthorhombic Three perpendicular C2 axis 
Rhombohedral One C3 axis 
Tetragonal One C4 axis 
Hexagonal One C6 axis 
Cubic Four C3 axes in a tetrahedral arrangement 
There are other methods available to describe solid-state structure. These are the Bravajs 
lattice and the close packed structures (hexagonal close paclcing and cubic close packing). 
a b c 
Figure 1.5 Unit cells and a) three fold axis in tetrahedral array, b) two-fold axis in a 
monoclinic cell and c) triclinic unit cell (no rotational ymmetry) [J] 
Crystallisation Thermodynamics 
Crystallisation is the transformation process of a substance from the solution/liquid to the 
solid state. The crystallisation proces is governed by the laws of thermodynamics. In 
other words the reason behind the phase transformation process is an wered by 
thermodynamic rules. It is known that all spontaneous transformations occur only in the 
new state, under the new condition, under which it is more stable energetically where it 
possesses lower energy level. The second law of thermodynamic might be written in 
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terms of the free energy (G), the enthalpy (H), absolute temperature (n and entropy (S) as 
[3]: 
G=H-TS 
/lG=Ml- TIlS 
(1.2) 
(1.3) 
This form reflects that the amount of heat energy introduced in the system at constant 
pressure to achieve the required changes and is identified by the enthalpy and denoted 
/lH. A part of it is accumulated in the material (the so called bonded energy characterised 
by the T/lS amount of entropy), while the change in the free energy means (/lG) means 
the driving force of the process. The eqUilibrium of a thermodynamic system is stable if 
the total energy of the system is at its smallest value (i.e. minimum of equation 1.4, which 
can be determined from the following equation; i.e. 
dG=O (1.4) 
It follows from equation 1.4 that only these changes that can occur spontaneously result in 
a decrease in the free energy of the system. According to these changes equation 1.5 
should be valid: 
dG(O (1.5) 
Equations 1.1 - 1.5 form the basis of transformations occurring during crystallisation. 
Based on these equations one can understand those driving forces that result in the 
solidification of liquid phases [3]. Crystallisation process consists of two elementary 
processes the first is the nucleation of small crystalline particles called crystallisation 
nuclei or crystallisation centre, while the second is the growth of crystals from these 
nuclei or centres [3]. There are two main mechanisms that describe the formation of 
crystallisation nuclei: homogeneous and heterogeneous. In homogeneous nucleation' the 
crystallising material itself provides nuclei. In homogeneous mechanism, the conditions 
of the formation of crystallisation nuclei are the same at all points of the material (mainly 
occurs in liquid metal due to the fact that atoms moving freely in the liquid). In 
heterogeneous nucleation, the crystallisation nuclei are foreign and are put into the liquid 
to accelerate crystallisation. Atoms of alloying elements or insoluble impurities can be 
regarded as foreign crystallisation nuclei [3]- [4]. 
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Solubility, Saturation. Supersaturation. Dissolution and Phase diagram 
Solubility is the amount of solute required to obtain a saturated solution under given 
conditions. For ions that combine and form an insoluble phase, an alternative form of an 
equilibrium constant known as solubility product is used, e.g. for the following reaction: 
Cation + Anion = Solid phase (1.6) 
Solubility product (Ks) for equation 1.6 is given by the following expression: 
K, =[AnionHCation] (1.7) 
Law of mass action requires that ions in solution will remain completely soluble so long 
as the product of their concentration is less than (or equal) to their corresponding 
solubility product. Whenever the product of ion concentrations exceeds the solubility 
product. then solubility will become initially supersaturated [5]. In other words saturated 
solution is: the solution that is in thermodynamic equilibrium with the solid phase of its 
solute at a given temperature. A supersaturated solution is a solution containing more 
dissolved solute than that given by the eqUilibrium saturation value. Supersaturation (S) is 
also defined as the difference between the actual and equilibrium and also known as 
degree of supersaturation given by: 
(1.8) 
In equation 1.8, c and c· are the solution concentration and the equilibrium concentration 
respectively. Supersaturation ratio (S>I) is given by the following equation [6]. 
c 
S=-
c· 
(1.9) 
Dissolution is the process by which a solid dissolves in a solvent [1]. De-supersaturation 
rate is 100 % de-supersaturation corresponding to the reduction of the degree of 
supersaturation to zero [6]. Phase diagram provides useful data for designing the 
crystallisation process for a multi component system. The phase diagram is a graphical 
representation of the combinations of temperature, pressure, composition, or other 
variables for which specific phases exist at equilibrium. It explains which phases exist at 
eqUilibrium and what phase transformations one can expect when one of the system 
parameters are changed (temperature, pressure and composition). Before going into 
further details one needs to know the Gibbs energy or ~G: which is the chemical potential 
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that is minimized when a system reaches equilibrium at constant pressure and 
temperature. The Gibbs free energy is defined as : 
G(p,T) =V + pV -TS (1.10) 
As H equals to V+pV, equation 1.11 can be written as: 
G(p,T) =H - TS (1.11 ) 
In equations 1.10 and 1.11, V is the internal energy and V is the volume at standard 
temperature and pressure [1]. 
A BaS04 phase diagram was constructed by Singh et al. [7] using XRD and diffraction 
thermal data (DTA). In Figure 1.6 the solid circles represent di scontinuities obtained from 
diffraction thermal data and differential scanning calorimetry (DTAlDSC) measurements. 
Thermodynamic features of this diagram are as follows: 
~ a Solid-solid phase transformation temperature for BaS04 was found to be 1723 
K; and 
~ eutectic reaction (a three phase reaction, by which, on cooling, a liquid tran forms 
into two solid phases at the same time) three temperatures Uu t before melting 
point 851 K) occurs at 30 mol % BaS04. 
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Figure 1.6 Phase diagram of BaS04, (dotted lines indicates uncertainties of solid solution 
range [7]) . 
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Barium (8a) and Barium ion (8a2+) 
Barium (Ba), atomic number 56. RAM 137.37g1mol, is a group 2 (alkaline earth metal) 
elements in the Periodic Table. It is located there with Be. Mg. Ca and Sr. Together with 
group one (Li, Na. K. Rb and Cs), they are known as s-block metals. Cations of which 
(group 1 and 2) are commonly found in minerals and natural waters. As a consequence 
the metals are strong reducing agents; all group 1 elements (in addition to Li and Ba in 
group 2) react with water rapidly liberating hydrogen (reaction 1.12). The reaction with 
water is vigorous and the metals have low melting points (998 K). Once molten the clear 
surface is more readily exposed and rapid reaction takes place [8]. 
Ba(s) + 2H 20 -+ Ba2+ (aq) + 20H - (aq) + H 2 (g) (1.12) 
The characteristic oxidation numbers of group 2 metals is +2. The outer electronic 
configuration for Ba is i, electronic configuration of which is [Xe] 6i or (Is2, 2S2 2p6. 
3s2 3p6 3dlO, 4s2 4p6 4d10 4f>, 5s2 5p6 5do. 6s2) [8]. The ease with which an electron can 
be removed from an atom is measured by its ionisation energy (or potential) the minimum 
energy needed to remove an electron from the neutral atom. The first ionization potential 
is the amount of energy needed to remove the first electron from an ion. First ionization 
potential for barium is 502.9 kJ/mol. Its second ionization potential is higher (965.2 
kJ/mol) as its 3rd (3600 kJ/mol). Elements with low ionisation potential (Cs, Rb and Ba), 
tend to be reducing agents forming cations, which combines easily to anions forming 
salts. This low ionisation energy is related to the effective distance of electrons from the 
nucleus [8]. 
The ionic radius of an element is related to the distance between the nuclei of 
neighbouring cations and anions. It was noticed that generally atomic radii increase down 
a group and, within the s- and p- blocks decrease from left to right across a period. 
Atomic radii for barium was found to be 220 pm when it coordinates with 6 ions, 160 pm 
when it coordinates with 8 and 180 pm when it coordinates with 12 [8]. 
Electron affinity or electron gain enthalpy (~gW~) (amount of energy released when an 
isolated gaseous pattern accepts an electron to become a monovalent gaseous anion) is the 
standard enthalpy change per mole of atoms when a gas-phase atom gains an electron. 
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Electron gain may be either exothermic or endothermic. Electron affinity of Ba is 
14 kJ/mole [8]. 
Presence of barium in environment and toxicity 
Levels of barium in air are not well documented; in some cases the results are 
contradictory [9]. Tabour and Warren [10] detected barium concentrations ranging from 
more than 0.005 to 1.5 mglm3 in the air of 18 cities and 4 suburban areas in the USA. 
However, higher concentrations were observed in areas where metal smelting occurred. 
Ba2+ has been found in almost all surface water that has been examined; concentration 
depends on local geology, water treatment and water hardness. Concentration of barium 
in sea water varies greatly among different oceans and varies with factors of latitude and 
depth within a given ocean. Several studies have shown that the barium content in the 
open ocean increases with the depth of water [11]-[13]. Some studies have also 
documented concentrations of Ba in Brazil nuts ranging from 1500 - 3000 mg/kg [14]-
[15]. Barium is also present in wheat, although most is concentrated in the stalk and 
leaves rather than the grain [16]. Levels of barium were found in other food items ranging 
from less than 0.2 mglkg in meats to 27 mglkg in dry tea bags. The rate at which Ba is 
toxic would be expected to be the same for all soluble Ba2+ salts. Studies in rats using 
soluble salts (BaCh) have indicated that the absorbed Ba2+ are distributed via the blood 
and deposited primarily in the skeleton [9]. 
Sulphur (S) and sulphur cycle 
Sulphur (S) is a pale yellow, brittle solid non-metal, which is insoluble in water, but 
soluble in carbon disulphide [8] (atomic number 16, RAM 32.06 is a group 6 element 
(Chalogen) in the Periodic Table, together with 0, Se and Te). Together with groups 3,4, 
5, 7 and 8 they are p-block metals. S has an electron configuration 1s2, 2s2 2p6, 3s2 3px2 
3p/ 3pz 1. Its atomic radius is 100 pm and its ionic radii was found to be -11 0 pm. 
Energy of first ionisation 999.3 kJ/mol, second ionisation 2252 kJ/mol and third 
ionisation is 3357 kJ/mol. Sulphur is obtained from deposits of the native element, metal 
sulphide ores or gaseous hydrocarbons with high sulphur content. Elemental sulphur is 
either mined or produced by oxidation of H2S. The oxidation consists of two stages. In the 
first stage, some hydrogen sulphide is oxidised to sulphur dioxide [8]: 
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(1.13) 
In the second stage, the sulphur dioxide is allowed to react in the presence of a catalyst 
with more hydrogen sulphide: 
2H 2S + S02 Oxide calaly.,S73K ) 3S + 2H 20 (1.14) 
The catalyst is typically Fe203 or Ah03 [8]. Sulphur tends to form single bond with itself 
rather than double bond on the account of the poor 1t overlap of its orbital's. As a result, it 
aggregates into larger molecules forming a solid at room temperature. Sulphur oxides S02 
(boiling point 283 K) and S03 (boiling point (317.8 K). S02 is a dangerous component in 
atmospheric air pollution and is one of the factors responsible of acid rain (explained in 
Sulphur cycle below). Sulphate sol' ions are a polyatomic anions (RMM = 96.06); it 
consists of a central sulphur atom surrounded by four equivalent oxygen atoms in a 
tetrahedral arrangement (Figure 1.7) [8]. 
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Figure 1.7 Chemical formula of sulphate S042-
-2 
Sulphur is transported from earth's crust to other reservoirs through the natural process of 
rock erosion and human activity (this is mainly a consequence of industrial processes 
where sulphur dioxide S02 and hydrogen sulphide H2S gases are emitted on a wide scale. 
It will react with oxygen to produce sulphur trioxide gas S03, producing sulphur salts). 
Sulphur also enters the atmosphere naturally: erosion processes, volcanic eruptions, 
bacterial processes, evaporation from water, or decaying organism's [17]. Extraction of 
sulphur from the lithosphere is carried out in two principal ways [18]: (i) deliberate 
extraction of sulphur as native sulphur and as sulphides (during metal extraction) and (ii) 
as an undesirable contaminant during fossil fuel combustion. Brimblecombe et al. [18] 
have reported that the sulphur percent released to the atmosphere annually from the total 
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flux of extracted sulphur was found to be 62 %, while 18.7 % is introduced into soils 
together with fertilizers and 19.3 % are discharged, as industrial waste waters, directly 
into rivers. Thus, rivers receive nearly all the sulphur that is depo ited from the 
atmosphere on the continental surface, sulphur from mineral fe11ilizers, sulphur from 
waste waters and sulphur contributed through natural ero ion by water. Figure 1.8 
schematically presents the current global sulphur cycle. It can clearly be een that the 
main source of mobile sulphur is the Earth's cm t and its final sink i the world oceans 
[18]. 
~ I~ G From Continent o ... ~ 
. ~ ~ 1/1 II 
.-::: . .a From Oceans 
B ~ .4--------------Po ° ~ u 
~I ° .~ ~ .-::; QJ ~ U 
° ° . ~w 
,:: ,:: ,:: 
.S! .S! .S! 
. ~ . ~ . ~ ~ ]1 .. .. .. ] ~ ] ~ ,:: ,:: i'l .S! .S! j .~ i'l ,:: .~ i .] i .S . ~ .S! ,:: ~ .. .~ .$1 
"" 
,:: "" i'l .. a ~ . ~ .. ~ 8 ~ ° ] ·a j u .. j ~ Il ~ Il i !'! j tJ Q) ° .g~ .g ~ Po~] i :lI oS ~~i 
° 1 u ""0"" 
.5 ~ Il ~ 
'" 
.... . ~2;.<:1 5!
't: "" • j ~ ~ oS 
Figure 1.8 A schematic representation of sulphur cycle [18] 
Sulphur toxicity 
Unlike Ba, S is present in many natural foods and i an essential nutrient. Sulphur has 
been used for medical purposes in human being and animals. After oral administration 
sulphur is absorbed either in the form of sulphides which are rapidly oxidised to sulphate. 
Absorbed sulphate enters the body and is then excreted via the kidneys. The over do e of 
sulphur (higher than 4 glkg body weight) might cause some side effects . It has been 
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reported that sulphur is used as a corrosion inhibitor for tin in food industry, which was 
found to be very toxic for human beings as well as the environment [19]. 
Reactions on heating sulphates 
Group two compounds are readily decomposed to give the metals or lower valence 
compounds. Mougin et ai. [20] reported sulphate reduction, in deep petroleum reservoirs 
in the presence of anhydrite when the temperature exceeds 393 - 413 K. High quantities 
of H2S were generated from the reduction of anhydrite CaS04 [20]: 
C SO C'u 393-413K C CO H S H 0 a 4($) + IZ 4(g) ) a 3 ($) + 2 (g) + 2 (I) (1.15) 
Standard Gibbs free energy was found to vary between -36.7 kJ/mol and -41.49 kJ/mo! 
according to the temperature. A negative Gibbs free energy value indicates that reaction 
1.15 is thermodynamically irreversible [20]. Sulphates can also be reduced by the 
following reaction: 
(1.16) 
The standard Gibbs free energy in reaction 1.16 was found to vary between -106.7 kJ/mol 
and -108.3 kJ/mo! depending on the temperature [20]. 
1.1 Chemistry of Barium Sulphate (BaS04) 
Barium sulphate (BaS04 (Figure 1.1), has an RMM of 233.40 and density of 4.50 glcm3• 
It is a colourless rhombic crystal. It is converted to a monoclinic form at 1421 K. Above 
1673 K BaS04 decomposes to barium oxide, S02 and oxygen (reaction 1.17) [21]-[22]. 
1 
1673K )BaO+SO +-0 
2 2 2 
(1.17) 
The chemical structure of barium sulphate is shown in Figure 1.9. It has an orthorhombic 
unit cell is shown in Figure 1.10 [22]. 
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Figure 1.9 Chemical structure of barium sulphate 
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Figure 1.10 Perspective view of the structure of barite [26] 
Introduction 
BaS04 is largely insoluble in water [23]-[26] with a solubility product (Ks) equal to 
1.08.10.10 mg/dm3 at RT (298 K). This means that 0.24 mg of barium sulphate is solvated 
in 100 g of water (explained in more detail later in this section). That is the reason why it 
precipitates out as fine crystals when solutions containing barium ions Ba2+ and solution 
containing sulphate ions SO/- are mixed. Although BaS0 4 is very sparingly soluble in 
water, it is very soluble in concentrated H2S04, due to the formation of the complex acid 
BaS04.3H2S04 [27]: 
( 1.18) 
Barium sulphate occurs naturally as the mineral barite (heavy spar) [22]. Several studies 
have investigated the precipitation of barium sulphate from aqueous solutions [28]-[3 1]. 
Dunn et al. [31] have synthesized barite at normal pressure and room temperature by 
mixing Na2S04 and BaC12 solutions under a gentle flow (0.5 cm3/min). Dunn et al. [31] 
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have noticed that the degree of supersaturation is a crucial factor that affects the 
morphology of the synthetic barite crystals. It indicates that the dendritic (rod-like, 
spindle-like, star-like) crystals are formed from solutions of high degrees of 
supersaturation (S.I. > 3.0), while rectangular rhombohedral crystals form from solutions 
of low degrees of supersaturation (S.I > 3.0). S.I. (saturation index) is the log of the ratio 
of the actual concentration to the saturation limit. That means S.I. = 3.0 means the 
solution Ba2+ and sol' concentrations make it 1000 times over the saturation limit. Dunn 
et al. [31] have reported that the formation of BaS04 in the laboratory took place by using 
a flowing solution growth method [31]; simulated seawater containing S042• (0.05 
cm3/min) and a simulated formation water containing Ba2+ (0.45 cm3/min) was pumped at 
a slow rate inside a cell under normal pressure and room temperature (298 K). If the 
concentrations of Ba2+ and soi' became sufficiently high, barite precipitated and crystal 
grew by reaction (1.19): 
Ba 2+ + SO 4 2- ~ BaSa 4(s) (1.19) 
When waters are mixed BaS04 can be formed and remain adherent on reactor walls. No 
mineral phases other than barite were synthesized. After collecting and drying those barite 
crystals, they were analysed by SEM (Figure 1.11). Dunn et al. [31] have also reported 
observing barite dissolution (the opposite of precipitation) using diethylenetrinitrilopenta 
acetic acid (DTPA) (Figure 1.12). Most of the dissolution experiments were carried out 
using 0.1 g of barite sample in 25 cm3 of 0.18 M DTPA with a pH at 12. The alkaline 
DTPA solutions (Dow's Vesenex 80) were used to dilute to the concentration of 0.18 M 
and maintained a pH of 12. The simple concept is that the ligand (L), DTPA, has a strong 
affinity for barium in solution. This shifts the reaction shown below to the right and 
promotes the dissolution of barite. 
(1.20) 
Four sets of experiments started side by side and stopped at the dissolution times of 0.5, 1, 
3, and 7 h to collect solid samples individually. Scanning electron microscope (SEM) 
observations were made on crystal morphology which had been previously etched in 
DTPA solutions and dried before microscopy. It was noticed that when the barite was 
exposed to a flowing supersaturated solution, layer-by-Iayer growth occurred as in shown 
Figure 1.13. 
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Figure 1.11 Micrograph of barite formed [31] with a) rhombohedral and b) rectangular 
and rhombohedral morphologies 
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Figure 1.12 Diethylenetrinitriliopenta acetic acid (DTPA) structure [32] 
Figure 1.13 Micrograph of BaS04 crystal synthesi ed in a flowing solution (layer by 
layer growth habit) [31] 
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The cry tal cluster is actually made up by a number of tabular (platelet-like) crystals by 
the growth of smaller crystals on larger ones. Dunn et 01. [3]] attributed this to the fact 
that the continuou flow made the mechanisms of particle agglomeration and crystal 
breakage negligible and so rhombic tabular (platelet-like) crystals formed. They noticed 
that dissolution proceeds preferentially at the lower energy surface (the two lowest 
energy surface in the barite crystal are {DO]} and {210}; these dominate the barite 
morphology) in the barite crystal. Chelating agents form strong complexes with metal 
ions in solution and are known to promote the dissolution of inorganic compounds. SEM 
proved [31] that the initial dissolution (0.5 h) by OTPA starts on the two lowest energy 
surface {DOl} and {2IO}. It was noticed that the etch pits are elongated in one direction 
on the specific surface (Figure 1.14). 
Figure 1.14 Micrograph of BaS04 undergoing dissolution by OTPA after (0.5 h). The 
initial dissolution tarted on the {DOl} and {21O} surfaces [31] 
Figures 1.15 shows the SEM micrographs after and 3 h di olutions of barite by OTPA 
(0.18 M). Clearly the etch pits followed the same direction in both cases with average 
sizes of 2.5 mm and 3.1 mm, re pectively. After 7 h dissolution, the re idue of BaS04 
showed amorphous particles (Figure 1.16). The etch pit was terminated by an obtu e 
angle and a pronounced cavity. An approximate pit size after 7 h dissolution was 3.7 mm. 
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In conclusion they reported that SEM showed morphology changes as a function of the 
dissolution time. The DTPA caused the dissolution of cleavage steps which receded with 
time. The pit size changed from ] to 7 h which howed that the di solution rate was 
decreasing with time. It was estimated that the rate at ] h dissolution was about 5 times 
faster than that of 7 h dissolution (Figure 1.15 and 1.16). 
a b 
Figure 1.15 Micrograph of BaS04 dissolution undergoing by DTPA after (a) I h and (b) 
3 h [31] 
Figure 1.16 Micrograph of BaS04 dissolution of barite by DTPA after 7 h [31] 
Niel en suggested for the precipitation of BaS04: "in theories of sparingly soluble salts 
like barium sulphate author a ume that the nuclei (i) exist before the mixing of the 
stable solutions, or, (ii) are formed spontaneou Iy at the moment of mixing, or, (iii) 
originate from a homogeneous chemical proces during a certain period of time in the 
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beginning of the experiment." Neilsen ran an experiment which showed that the number 
of crystals formed also depended on the method of pre-cleaning the glassware [4]. The 
experiment was simple: he took 50 cm3 of 2 rnM BaCI2 and 50 cm3 of 2 rnM K2S04 in 
pipettes and emptied them in less than 3 s in such a way that the two liquids meet before 
reaching the bottom of the 250 cm3 Pyrex beaker. The solution was then allowed to rest 
for 5 min; the precipitate became visible in 10 to 15 s and settled in a few minutes. 5 min 
after the moment of mixing the solution was stirred with a glass rod and a drop of the 
slurry was transferred to a blood cell counting chamber. It was found to be important to 
place the cover glass earlier than 2 s since the precipitate sedimented very quickly. At 
least 100 crystals or all crystals were counted inside the 0.9 mm3 counting field. The 
results were controlled with sedimentation experiments. The concentration of the 
uppermost crystals was easily measured during the first 2-3 min . The 250 cm3 Pyrex 
beaker used as a mixing chamber was cleaned before every experiment, except the first on 
a series by first rubbing it with a brush and rinsing in hot water. Then it was placed 
bottom up, over boiling water so that the steam condensed on the inside of the glass. After 
10 min it was placed in a few layers of filter paper and allowed to cool. At the beginning 
of a series of experiments Nielsen noticed 2000 or more crystals were formed per mm3. 
Occasionally, without change in technique, the number was as low as 25 mm-3 (Figures 
1.17 and 1.18). 
Figure 1.17 BaS04 precipitates in an experiment where the glass had only been ordinarily 
cleaned. 2050 crystals were found per mm3. In order to get more than one crystal in the 
photo (at a reasonable magnification) the precipitate was concentrated with sedimentation 
[4] 
Neilsen concluded that most of the crystals (or maybe all of them) do not originate from 
spontaneous nucleation, but from impurities in the glass. The appearance of higher order 
Tyndall spectra [33] indicated that the precipitate at thi s time was very monodisperse and 
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from thi s fact he concluded that the nuclei were not formed in a homogeneou proce s, 
since they must have all started growing at nearly the same time. Later Neil en [34] 
reported that when using much higher concentrations (up to 0.04 M) of both BaCI2 and 
Na2S04 solutions, mo t of the crystals originated from homogeneously-formed nuclei, 
when the concentration of BaCh and NaS04 is more than 0.01 M. 
Figure 1.18 Barium sulphate (BaS04) precipitate from an experiment where the glass had 
been cleaned. Only 30 cry tals appeared per mm3 [4] 
1.2 Low solubility of Barium Sulphate BaS04 
It wa mentioned in earlier, BaS04 is known for its low olubility. Solubility of BaS04 
was found to be 2.5 ppm in H20 at 298 K [35] . A solid precipitate of BaS04 will form 
when the concentration of Ba2+ and sol- ions exceed the solubility product of barium 
sulphate. The solubility of BaS04 in super-heated steam (773 K, ] 00 MPa) ha been 
reported by Morey and Hesselgesser [36] to be 40 mg/dm3. The solubility of BaS04 in 
water is usually increased by the presence of chlorides: 105 mg of BaS04 will di s 01 ve in 
1 dm3 of water containing 100 gram of NaCl. Morey and Hesselgesser [36] al 0 reported 
that mall BaS04 particles (1700 ppm) are at lea t three times more soluble than larger 
particles. Solubility product concentrations are exceeded for a variety of rea ons as 
reported by D' Muhala [37]. The evaporation of the water phase, change in pH, pressure 
or temperature and the introduction of additional ions which can form insoluble 
compounds with the ion already present in the solution. BoerJage et al. [38] reported 
that the concentration solubility product or the solubility product (Ks) of barium ulphate 
is: 
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(1.21) 
[Ba2+] and [SOil are expressed as concentration (M). If either barium or sulphate is 
added to the saturated solution through another source (e.g. sulphuric acid addition), then 
the supersaturation of the solution will increase and the overall solubility will decrease 
through the common ion effect in accordance with the Ks and equilibria principles. Ks is 
not constant at a defined pressure and temperature, but is dependent on ionic strength I: 
(1.22) 
In equation (1.22) mj is the molal concentration (moVdm3) and Zj is the ionic charge of ion 
i. At ionic strengths >0.001 M, electrical interactions occur between ions, resulting in an 
increase in solubility through the ionic strength effect. Thus, using molarities in the Ks 
calculations is no longer accurate and Ks should be corrected for ionic strength. 
Alternatively, activities should be used which take into account ionic interactions, and are 
expressed in the thermodynamic solubility product Ks [38]: 
(1.23) 
In equation (1.23) the activity ai(aq) is the product of ion i molal concentration and its 
activity coefficient ri, (dimensionless) which corrects for interionic forces occurring in 
solution. The thermodynamic solubility product (Ks) is independent of ionic strength at a 
defined T and P. They also reported the Du Pont [39] method which predicts Ba2+ 
solubility at 298 K using a solubility product, Ks, in which the Ks is read graphically as a 
function of ionic strength for the desired recovery. The relationship between Ks and I was 
derived as an average from data on the effect of individual monovalent and divalent 
cations on Ba2+ solubility reported by Davis and Collins [40], who have studied the 
solubility of BaS04 in the presence of solutions containing NaCl, CaCh, MgCh and 
NaHC03. Observed solubilities were then plotted against I of the solutions. The Ks is then 
compared with the product of the scalant ions (molarity). When the scalant concentration 
product exceeds Ks, the solution is supersaturated and scaling can occur. To avoid 
precipitation, Du Pont [39] recommends a recovery such that the scalant concentration 
product is 20 % below the Ks, thus ensuring a safety factor for concentration polarisation 
which may occur at the membrane (reverse osmosis) concentration than in the bulk 
solution: 
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(1.24) 
Debye-HUckel theory was derived from a simplified model of an electrolyte solution 
using statistical mechanics to derive theoretical expressions for activity coefficients of 
ions in solution. Only very dilute solutions were considered where the main deviation 
from ideality was assumed to be due to long-range Coulomb interactions between ions. 
The final result is the Debye-HUckellimiting law (Debye-HUckel is generally accurate for 
solutions with an ionic strength ::;0.01 M) [40]: 
(1.25) 
In equation (1.25) y± is the mean activity coefficient, A is 0.509 (molldm3ro.s for aqueous 
solutions at 298 K, I is the ionic strength and z is the ionic charge. 
1.3 Review on different Barium sulphate (BaS04) Morphology and 
Crystallography 
Steve Mann and co workers [42] have been working with barium sulphate for more than 
ten years. He and his group studied BaS04 crystallography and possible origins in deep-
sea rhizopod protists. They have reported that xenophyophores (a group of giant deep sea 
protists) characterised by intracellular barium sulphate crystals. Barium sulphate crystals 
have been studied from three xenophyophore species: Aschemonella ramuliformis, 
reticulammina labyrinthica and galatheammina lamina which were obtained at bathyal 
and abyssal depths in the north-eastern Atlantic. The Presence of BaS04 was confirmed 
by X-ray diffraction within the granella (i.e. barite in the protoplasm) of Aschemonella 
ramuliformis. They observed two distinct morphological forms of the granellae, which 
differ in composition and particle size (referred to as large and small granella). Large 
granellae were 0.5-5.1 Ilm in length and were observed in all samples. Energy dispersive 
X-ray (EDX) analysis showed that they contained Ba and S, as well as small and variable 
amounts of Sr. Small granellae were found to be 0.14-0.40 Ilm in length, for which EDX 
showed the presence of Ba, Ca, K and S, (but no Sr was detected). Large granellae in all 
three samples were observed to be discrete rounded crystals in SEM. The granellae were 
mostly tabular and either rhombic or pseudo-hexagonal in outline, but some granellae 
showed less obvious shapes with a central depression (Figure 1.19). Large granellae 
reported in this work was found to be identical to that reported in literature before [43]. 
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The rhombic morphology granellae were found to comprise {OOI} and {2IO} while the 
pseudo-hexagonal tabular morphology comprises an extra set of pinacoids composed of 
{2IO} macrosteps (Figures 1.20). Small granell ae were observed in A. ramuliformis that 
appeared as elliptical particles with roughened edges (Figure 1.21) . 
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Figure 1.19 Schematic diagrams of large granell ae mirror planes with a symmetry related 
faces from Aschemonella ramuliformis [42] 
Figure 1.20 Transmission electron microscope (TEM) micrographs and a sociated 
electron diffraction patterns of large granellae from granellare amples of Aschemonella 
ramuliformis (a, b) view down {001} axis; (c, d) view down {100} axis . Scale bar 0.5 Ilm 
[42] 
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Figure 1.21 Transmission electron microscope (TEM) micrographs of small granellae 
isolated from specimens of Aschemonella ramuliformis. Scale bar I Ilm [42] 
Later Mann [44] reported that most inorganic crystals (including BaS04) grew under 
nonequilibrium conditions, which were strongly influenced by changes in supersaturation 
and ionic strength (Figure 1.22) [44]. It was questioned whether the rate of growth of a 
face is directly related to its intrinsic surface energy under nonequilibrium conditions or 
arises as a consequence of mechanistic processes and interactions with the external 
environment. The rate of growth of a stable face (low surface energy) will be 
mechanistically slow. As each crystal phase ha a different surface energy (Wulff 
equation in Crystal Morphology equation (1.1 )), the rate of growth is proportional to 
those energy differences. That is why faces with high surface energies grow fast and 
become eliminated in the final morphology [44]. The report also suggested that the 
relative order of crystal surface energies as well as the mechanistic processes of growth 
can be changed by adsorption of different additives. It suggests that it is generally the 
crystal face that is perpendicular to the direction of growth that is inhibited by the additive 
increases in surface area. That means one can know, from the changes in the relative areas 
in the faces of the modified morphology, which crystallographic planes interacted with 
the soluble additive [44]. For example, Mann reported [44] that the rhombohedral habit of 
calcite (CaC03) crystals (Figure 1.23 a) changed to a tabular fonn in the presence of Li+ 
ions (Figure 1.23 b). This change was attributed to the fact that a high lithium 
concentration was used, a specific electro tatic shielding of the {OO I} face due to Li ions 
located in surface sites . The {OO I} plane of calcite consists of a hexagonal net of planar 
carbonate (or Ca) ions. As the surface is either all anionic or cationic it cannot attain 
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stability since a net dipole moment remains at the surface layers. Thus, growth along the c 
axis is relatively fast with the consequence that the {001} face is not observed under 
normal synthetic conditions [45] . Similarly the change of morphology of barium sulphate 
crystals by additives was reported [46]. This was attributed to the fact that additives (ions 
or molecules) may adsorb onto particular faces adsorbed by additives whilst there is no 
influence on the other surfaces. 
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Figure 1.22 Plot of the morphological forms of BaS04 crystals grown under different 
conditions of supersaturation (5) and ionic strength (T). Crystals are grown with their unit 
cell axes oriented in the same direction (the {001} axis is projected out of the page) [44] 
Figure 1.23 Scanning electron microscope (SEM) micrographs showing (a) control 
calcite crystals with smooth {104} rhombohedral faces, and (b) tabular calcite crystals 
grown at Ca:Li 1 :20 with extensive hexagonal {OO I} truncated faces. Scale bar in both 
micrographs = 10 )!m [45] . 
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This face-specific growth retardation action of additives leads to the morphology change 
of a crystal [46]. Later Yokota et al. [47] (based on the powder X-ray diffraction profiles 
for BaS04 with polyelectrolyte additives at pH 5 and 6 crystals) concluded that this 
morphology change could not be explained by an adsorption model alone. They reported 
that using a typical scanning electron microscope (Figure 1.24) showed crystals of BaS04 
formed in the presence and absence of polyacrylic acid at three different pH values. At 
pH 2 dendritic crystals were obtained in both the presence and absence of the additive 
(Figure 1.24 a and b), while at pH 3 a slight difference in crystal morphology and size 
was noticed (Figure 1.24 c and d). As the pH increased the difference in crystal 
morphology became significant and round shaped crystals were precipitated at pH 5 
(Figure 1.24 e). XRD profiles of crystals in Figure 1.24 a, c and e were explained (Figure 
1.25). The profiles of crystals in Figure 1.25 a and c have sharp peaks with high 
intensities and almost the same patterns as those of the calculated profiles (bottom) 
obtained. At pH 5 (round shape crystals in Figure 1.24 e) a broadening of the profiles and 
decrease of peak height was observed. However, Yokota and his group did not consider 
that a substance with such a strong ionic linkage as BaS04 might be precipitated as a non-
crystalline particle at ordinary temperature (i.e. 313 K in their study). Generally, they 
reported that broadening of the XRD profile occurred when polycrystals consisting of 
minute crystallites were less than 0.1 J.lm. Therefore they thought that the round-shaped 
crystals in Figure 1.24 e were polycrystals formed by assembling of crystallites of minute 
size less than 0.1 J.lm. 
Later, in 2004, M. Li et al. [48] reported on controlling the crystallisation of BaS04 using 
a mixture of two double hydrophilic block copolymers (DHBes). As a comparison they 
used poly(ethyleneoxide)-block-poly(methacrylic acid) (PEO-b-PMAA) or a partially 
monophosphonated derivative, PEO-b-PMAA-P03H2 (1%) as additives for BaS04 
crystallisation. The former block polymer yielded sphericaVelongated particles (0.25-1.5 
J.lm) (Figure 1.26 a) after 3 days, which progressively increased in length to 1-4 J.lm with 
peanut-like morphology (Figure 1.26 b) after tripling the polymer concentration. On the 
other hand the latter polymer at Imglcm3 resulted in relatively large (-50 J.lm) sized 
flower-like particles along side the spherical particles (0.5-3 J.lm) (Figure 1.27 a). 
Doubling the concentration of the polymer produced cone-like particles with filament 
bundle outgrowths up to 80 J.lm in length (Figure 1.27 b). A further increase in the 
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polymer concentration to 3 mg/cm3 gave larger filament bundles up to 250 Ilm in length 
(Figure 1.27 c). At higher concentrations (4 and 5 mglcm3) no filamentous 
microstructures were observed. 
a) crystals a pH2 b) crystals b pH2 
c) crystals c pH3 d) crystals d pH3 
d) crystal d pH 5 e) crystals e pH 5 
Figure 1.24 Scanning electron microscope (SEM) micrographs of BaS04 crystals formed 
in the presence (a, c and e) and ab ence (b, d and f) of polyacrylic acid at variou pH 
values [47] 
49 
Chapter J Introduction 
cry 1.ls Ii 
~o 25 30 35 40 45 50 55 60 
29 
Figure 1.25 Experimental and calculated (bottom) powder X-ray diffraction profile of 
Barium su lphate (BaS04) [47] 
Instead 50-300 nm sized dense agglomerates or irregularly haped loose aggregates were 
observed (Figure 1.27 d and e) . Clearly precipitation of BaS04 is complex. Electron 
diffraction on the aggregates gave no reflection , indicating that the nanoparticle formed 
in high PEO-b-PMAA-P03H2 (1 %) were amorphous (Figure 1.27 e). Results indicated 
that the morphology of BaS04 crystals formed in the presence of PEO-b-PMAA-P03H2 (l 
%) strongly depends on polymer concentration. 
a b 
Figure 1.26 Barium sulphate (BaS04) particles formed at pH 5 in the presence of a) 1 
mg/cm3 and b) 3 mg/cm3 poly(ethyleneoxide)-block-poly(methacrylic acid) (PEO-b-
PMAA) [48] 
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Figure 1.27 Barium sulphate (BaS04) microstructures prepared at pH 5 in the presence of 
a) 1 mg/cm3, b) 2 mg/cm3, c) 3 mg/cm3, d) 4 mg/cm3 and e) 5 mg/cm3 of 
poly(ethyleneoxide)-block-poly(methacrylic acid) monophosphonated derivative (PEO-b-
PMAA-P0 3H2(1 %». Inset shows selected area electron diffraction pattern [48] 
Crystallisation of BaS04 at pH 5 in the presence of a 1:9 by weight mixture (1 mg/cm3) of 
PEO-b-PMAA-P0 3H2 (1 %) and PEO-b-PMAA respectively at a total polymer 
concentration of 1 mg/cm3 produced spheroidal particles 2-3.5 J..lm in size after three days 
(Figure 1.28 a). Those particles were found to be similar to those produced under the 
same conditions with PEO-b-PMAA alone (Figure 1.26 a), but were larger and less 
elongated. Increasing the weight ratio to 3:7 (w/w) gave similar spherical particles and 
very low yield of fibrous cones (Figure 1.28 b). The inset in Figure 1.28 b shows high 
magnification image of individual particles with fibrous surface outgrowths. Many of 
those spheroids showed presence of fibrous outgrowths. A further increase in the weight 
ratio to 5:5 and 7:3 microspheres with sizes of 2-2.5 J..lm and 2.8-3.4 J..lm were noticed 
respectively, along with an increase in the yield of cone-like microstructures due to the 
higher concentration of PEO-b-PMAA-P03H2 (1 %) . Most of the cones were connected at 
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their base to a single spherical particle to give microstructures with a shuttlecock-like 
morphology (Figures 1.28 c and d). Similarly a mixture of DHBCs but at a total polymer 
concentration of 3 mg/cm3 was used for BaS04 crystallisation. 
a b 
c d 
Figure 1.28 Barium sulphate (BaS04) particles and microstructures produced at pH 5 in 
the presence of di hydrophilic block copolymers (DHBC) mixtures at a total polymer 
concentration of 1 mg/cm3 a) 1 : 9, b) 3 : 7, c) 5 : 5 and d) 7 : 3 w/w mixtures of 
poly(ethyleneoxide)-block-poly(methacrylic acid) monophosphonated derivative (PEO-b-
PMAA-P03H2(1 %)) and poly(ethyleneoxide)-block-poly(methacrylic acid) (PEO-b-
PMAA). [48] 
PEO-b-PMAA weight ratio 1:9 monodisperse spherical particles sized 1.8-3.3 ~lm were 
reported (Figure 1.29 a) . The particle size was comparable to that obtained with the same 
polymer mixing ratio at 1 mg/cm3 polymer concentration (Figure 1.26 a), meaning that a 
similar growth mechanism took place. A mixture of spherical particles and wide 
sunflower-like cones (Figure 1.29 b) were obtained by increasing the weight ratio of the 
phosphonated block copolymer to 2 :8. Inset in Figure 1.29 b shows the disk-based cone 
morphology viewed from the bottom. As the spheres were seen to be smaller than those 
produced for the 1:9 mixing ratio, the authors assumed that this is due to change in the 
primary nucleation and growth processes associated with the initial stage of 
crystallisation. A further increase in the PEO-b-PMAA-P03H2 (1 %) and PEO-b-PMAA 
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weight ratio to 3:7 at a total polymer concentration of 3 mglcm3 showed high yield of 
fibre-bundle cones that developed from a single point (Figure 1.29 c). The inset in Figure 
1.29 c shows the inner structure of the banded cone microstructure. Self-supporting sheets 
consisting of a single tier of interconnecting low angle filament-bundle/cones (Figure 
1.29 d and e) were reported when the phosphonated block copolymer was increased by 
weight ratios of 5:5 and 7:3 at a constant total of 3 mglcm3• The insets in Figures 1.29 d 
and e show high magnification images of a single sheet of the interconnected and aligned 
fiber-bundle microstructure. 
Gunn and Murthy [49] studied the kinetics of crystal growth of a number of sparingly 
soluble salts among which the crystallisation of BaS04 was studied in greater detail. The 
concentration of the crystallisation solution and the surface area of the precipitate were 
measured as the crystallisation proceeded. The particle size distribution was measured at 
the termination of the growth period. A Wayne-Kerr bridge and a conductivity cell were 
used to measure the conductance of the solution during crystallisation. The conductivity 
was measured at intervals of time t by means of the bridge and the concentration of 
BaS04 was found from the conductivity measurements by calibration of the cell. The 
relationship between conductivity and concentration of the precipitating solutions 
obtained by calibration was compared with the conductivity concentration obtained from 
tables of standard equivalent conductances. The values were found to be close. Crystals 
of BaS04 were studied under the electron microscope. The form and texture of barium 
sulphate crystals were found to depend upon the concentration of precipitant in solution. 
Murthy then reported the growth of BaS04 particles. He deduced a mechanism of growth 
based on experimental data and electron microscope study. Murthy suggested some 
growth mechanisms and shapes of crystals at initial concentrations above and below 
0.375 mM (supersaturation of about 36-fold). Above this supersaturation the crystals were 
found to be larger and more rounded in shape, while at concentrations below 0.375 mM, 
rectilinear shape of crystals of about 0.5 J..lm long were reported [50]. As precipitation of 
sparingly soluble materials is important in chemical engineering practice, J. Baldyga et al. 
later reported [51] the process of precipitation of solid products from two liquid ionic 
solutions A and B involving instantaneous, irreversible chemical reaction of the type as in 
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equation 1.26 and subsequent crystallisation (nucleation and growth of crystals) of the 
reaction product C. 
(1.26) 
a b 
c d 
e f 
Figure 1.29 Barium sulphate (BaS04) particles and microstructures produced at pH 5 in 
the presence of dihydrophilic block copolymer (DHBCs) mixtures at a total polymer 
concentration of 3 mg/cm3 a) I : 9, b) 2 : 8, c) 3 : 7, d) 5 : 5 and e) 7 : 3 w/w mixtures of 
PEO-b-PMAA-P03H2(l %) and PEO-b-PMAA. f) Optical microscopy image howing 
heet of co-aligned BaS04 fiber-bundles formed with a 5 : 5 w/w mixture. 
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Baldyga et al. [51] reported using a double-feed semibatch BaS04. Experiments were 
carried out in a Rushton-type stirred tank reactor. 
1.4 Uses of Barium Sulphate (BaS04) 
Barium sulphate has found uses in the following: 
~ Because barium sulphate is insoluble and opaque to X-rays it is used as an 
indicator in medical X-ray photography [52] due to the high atomic number of 
barium (137.33) [53]. X-ray intensity (i') decreases when it strikes a material 
because some of the passing rays are transmitted and others are 
absorbed/scattered. When X-ray beam passes through an homogeneous substance 
it is proportional to the distance transversed, x: 
I' = 1'0 exp(-JiX) (1.27) 
to is the intensity of the incident X-ray beam, t is the intensity of the transmitted 
beam after passing through a thickness of x and p is the linear absorption 
coefficient, which depends on the density of the substance considered (barium 
sulphate in this case) the wavelength of the X-ray. Linear absorption coefficients 
are often referred to as mass absorption coefficient pm, where 
(1.28) 
p is the density of BaS04. The mass absorption coefficient of a material varies 
with both the atomic number and the wavelength according to equation 1.29: 
(1.29) 
In equation 1.29 k is a constant, J.. is X-ray wavelength and Z is the atomic number 
of the scatter (barium) [53]. 
~ BaS04 is one of the most important fillers used in the plastics, rubber (after finely 
grinding) and paint industries in addition to pharmaceutical formulations [54]. 
~ BaS04 is used in poly-vinyl chloride (PVC) and polyurethane foam backings for 
carpeting and sheet flooring because of its ability to form dense coatings due to its 
high specific gravity and its ability to be used at high loadings [52]. 
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~ BaS04 (and barium oxide) were used as an oxygen carrier in chemical looping 
combustion; a process in which a gaseous fuel is burnt with inherent separation of 
the greenhouse gas CO2. Oxygen is transferred from the combustion air to the fuel 
by an oxygen carrier which is normally a metal oxide [55]. The idea is to decrease 
the emissions of carbon dioxide and still use fossil fuels. There are a number of 
techniques, which were divided into three principal groups: post combustion, pre 
combustion and 02/C02 combustion, also called oxyfuel. In post combustion the 
carbon dioxide is separated from the flue gas. A C02 separation step is added on 
the flue gas while the combustion process itself in not affected. The idea with pre-
combustion is to convert the fuel into C02 and H2 and to separate the carbon 
dioxide before combustion [55]. The combustion system of chemical looping 
combustion consists of two reactors an air reactor and a fuel reactor, and an 
oxygen-carrier that transfers oxygen from the air to the fuel (Figure 1.30). The 
combustion air and fuel are never mixed, and therefore the flue gas from the fuel 
reactor consists of only C02 and H20, and is not diluted with nitrogen. The water 
can be condensed and pure CO2 is received which can then be cooled and 
pressurized for storage. In the air reactor the oxygen-carrier is oxidised by the 
oxygen in the incoming air as in equation 1.31. In equation 1.32 MexOy denotes a 
metal oxide and MexOy.j the reduced oxide. The oxygen-carrier is transported to 
the. fuel reactor where the fuel reacts with the oxygen in the oxygen-carrier, 
producing carbon dioxide and water as in equation 1.30. The reduced oxygen-
carrier is transported back to the air reactor and is oxidised again. 
(1.30) 
(2n+m)MeXOy +CnH2m ~(2n+m)MexOY_t +mH20+nCO (1.31) 
On the other hand Yamazaki et al. have reported using catalysts consisting of 
barium doped with metals in NOx storage reduction catalysis [57]. Toxic exhaust 
gas components (NOx) emitted from the exhausts has many destroying effects on 
the atmosphere and ecological systems (such as ozone layer depletion and acid 
rain) in addition to human health [58]. Figure 1.31 shows that emission from 
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mobile sources contributes almost half of all NOx produced. Accordingly severe 
legislation was introduced for vehicular emission. 
Pull! co, 
t 
Figure 1.30 Schematic of chemical looping combustion (CLC) [55] 
Meeting the criteria of changing strict emission limits, engineer catalysis researchers and 
environmental scientist have been challenged to develop more efficient engine and 
better anti NOx techniques. 
Platinum-doped in barium oxalate in an alumina base has been used a a NOx trap 
catalyst. Kim et al. [59]have reported a relationship between Pt particle size and NOx 
storage performance over a simple PtJBaO/Al20 3 catalyst [59]. According to data 
observed from X-ray diffraction, (carbon mono oxide DRIFf spectroscopy) CO DRIFf 
and TEM, Kim and co workers reported that a simple PtJBaO/Ah03 catalyst shows that 
the sintering (heating to just below the melting point) of Pt crystallites increases steadily 
with calcination time and exponentially with temperature. They also reported that, 
comparing the simple PtJBaO/Al20 3 sample with the enhanced catalyst, Pt cry tallite Ize 
plays a critical role in determining the NOx storage activity. 
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Figure 1.31 Emission of toxic exhaust gas components (NOx) by source category in (a) 
the USA and (b) European Countries [58] 
1.5 Formation of oil reservoirs and Barium Sulphate (BaS04) 
Crude oil [60] (known a petroleum) is found mo tly in sedimentary rock formed at the 
bottom of ancient sea in which there mu t have been large quanti tie of primitive 
organisms li ving. Ev idence indicates that millions of years of heat and pres ure changed 
the remains of microscopic plant and animal remains into clllde oil and natural gas [62]. 
Petroleum is a complex mixture of hydrocarbon and other carbon compound . It al 0 
consi t of elements, uch as C (84-87 %) and H (12-14%), 0 , Nand S (1-2 %). Overall, 
petroleum consists of hydrocarbons, asphaltenes and re in ,paraffin , ulfur and ash [63]. 
There are three main groups of hydrocarbon in petroleum - namely: paraffinic, 
naphthenic and aromatic hydrocarbons. The amount of paraffins in different crude oils 
varies from 2 to 50 %. The light paraffins are mainly component of natural gas, which 
dis olves in the crude oil in the oil wells . 
The process of oil formation by dead organi m has been de cribed by Roy Nurmi [64] . 
Living organisms are rich in organic compound and protein. As living organisms die 
they fall to the bottom and then became a source of our oil and ga . When living 
organisms are buried with the accumulating sediment and reach an adequate temperature 
(323-343 K) they start to cook. This transformation changes them into the liquid 
hydrocarbons [65]. Nersesian [66] has reported in "Energy for the 2151 century" that the 
theory of the origin of oil comes from dead animal ' matter was found to be accepted in 
the western world, but a cemetery, where bodies decay and turn to dust, i not a future oil 
field. For the earth to manufacture a fo sil fuel , the decaying proces must be interrupted 
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either by dead plant and animal matter falling into oxygen starved waters or rapid burials. 
It was once thought that oil came from dinosaurs, the symbol of Sinclair oil. This theory 
has been discredited because the earth could not possibly have sustained a population of 
dinosaurs, even over millions of years, large enough to create so much oil (even if one 
ignores the special circumstances that must accompany death for dinosaurs to become a 
fossil fuel). In the 21 st century the accepted theory postulates that ocean plankton, algae, 
and other forms of simple marine life die and sink into oxygen-starved waters that prevent 
further decay. Sediments from rivers mix with the partially decayed matter to form an 
organically rich concentration. Continued burying by more layers of sediments squeezes 
out the water, and when buried by a mile or more of new sediment of millions of years, 
the original sediment is transformed to sedimentary rock and the organic matter to oil. 
Another aspect of oil formation was reported by Simanzhenkov and Idem [63] in "Crude 
Oil Chemistry" which mentioned that by the end of the nineteenth century, two different 
hypotheses of petroleum origin had emerged: organic and inorganic hypothesis. The main 
concept of inorganic petroleum origin was illustrated by the experiments of Berthelot who 
considered that ethyne was the basic material. Large quantities of acetylene were assumed 
to be produced by the reaction of water with carbides which, themselves, were formed by 
the reaction of alkali metals with carbonates. The conversion of ethyne to petroleum was 
accomplished at an elevated temperature and pressure according to equation 1.32 [63]: 
CaC03 --+CaC2 +H2°--+C2H 2 (1.32) 
J, 
Petroleum 
The organic hypothesis suggests that the pre-history of petroleum begins in live 
organisms from which are synthesised initial biochemical compounds. Therefore, 
reservoirs were found to be formed by sedimentary rocks, which were produced either 
from crushed sand particles and larva or from melted metals after activity from a sea 
volcano. 
1.6 Oil recovery and Barium Sulphate (BaS04) 
Petroleum is recovered from underground oil bearing reservoirs by penetrating the 
reservoir with one or more wells and permitting the oil to flow to the surface or pumping 
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to the surface through the wells [67). Crude oil moves out the reservoir into the well by 
one or more of the three processes: 
Primary (10) Recovery 
Due to the presence of pressurised gases, the pressure at the well head is less than the 
pressure at the bottom. As a result the oil is forced to the well head as soon as drilling 
starts. In other words primary oil recovery is described as the recovery of oil using the 
natural reservoir pressure [67). Primary oil recovery is known as the first method of 
producing oil from the well and depends upon natural reservoir energy to drive the oil 
through the complex pore network to producing wells. If the pressure in the fluid in the 
reservoir (reservoir energy) is great enough the oil flows into the well and up to the 
surface. Such derived energy may be derived from liquid expansion and evolution of 
dissolved gases from the oil as reservoir pressure is lowered during production, expansion 
of free gas, or a gas gap, influx of natural water, gravity, or combination of these effects 
[68). 
Secondary (2°) Recovery 
As the pressure reduces with time the rate of oil released diminishes (in addition to the 
decrease in rock permeability) due to the fact that oil is trapped in pores of the rock 
(Figure 1.32). Several methods were used in secondary oil recovery which is considered 
as an improved oil recovery; injection of water or gas into the oil-bearing reservoir to 
increase the recovery factor and maintain pressure. In water flooding, the injected water 
will react with both the water already in the pore space of the rock (formation water) and 
with the mineral in the rock itself causing scale formation [71). Together, primary and 
secondary oil recovery allows 25 % to 35 % of the reservoir's oil to be recovered. 
Primary or conventional recovery can leave as much as 70% of the petroleum in the 
reservoir, such effects as microscopic trapping and bypassing are the more obvious 
reasons for the low recovery [68). 
Figure 1.32 Schematic diagram showing oil trapped in rocks 
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Tertiary (3°) Recovery 
This stage is called the enhanced oil recovery (EOR) or improved oil recovery (lOR) 
stage, because it requires thermal and chemical processes, due to the fact that oil is 
trapped in highly porous regions of rock [65]. EOR process can be divided into three 
major categories (Figure 1.33) [69]: chemical, thermal and miscible. 
EOR 
------ 1 --------Chemical Thermal Miscible 
Process Displacement Process 
/ 1 " Miscible CO2 Inert Gas 
Solvent Flooding Flooding 
/' procr " 
Surfactant Polymer Caustic 
Flooding Flooding Flooding 
Flooding 
Steam Stimulation Steam or In Situ 
or Cycle Steam Hot Water Combustion 
Injection Flooding 
Foam Displacement 
Figure 1.33 Scheme showing the various EOR processes [69] 
Thermal processes have been used extensively for the displacement of heavy oils, while 
chemical and miscible processes have been employed for the recovery of light oils 
1.7 Scaling (barium sulphate formation) 
Barium sulphate scaling problem is formed during secondary oil recovery, when seawater 
(rich with sulphate ions SOi-) [25] is injected into the reservoir to maintain the pressure 
and comes into contact with formation (connate) water containing Ba2+ (Figure 1.34). As 
a result of this contact, a white insoluble crystalline solid of BaS04 is formed causing 
blockage of pipelines and sometimes damaging the reservoir [70]-[71]. BaS04 scale may 
also form within subterranean formations, such as disposal wells. Scales and deposits can 
be formed to such an extent that the permeability of the formation is impaired resulting in 
lower flow rates, higher pump pressures, and ultimately abandonment of the well [37]. 
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Figure 1.34 Diagram showing econdary (2°) oil recovery and Barium Sulphate (BaS04) 
formation 
In other words (as Tate et al. [71] reported) the theory behind scale formations that 
chemical precipitation results from the blend of two fluid streams each of which contains 
a concentration of a particular ion such that when they mix un table water is produced. 
The mixing of these streams at the well bore results in the deposition of crystalline barium 
sulphate. Merdhah and Yasin [73] have investigated the formation of BaS04 in sandstone 
cores from mixing injected sea water and formation water contain high concentration of 
Ba at various temperature (323 and 353 K) and differential pressures (100, 150 and 200 
MPa). Results show a large extent of permeability damage caused by BaS04 deposits on 
the rock pore surface. The rock permeability decline indicates the influence of the 
concentration of barium ions (Figure 1.35). 
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Figure 1.35 Permeability ratio versus time at (a) 323 K and (b) 353 K and ~P = 100 MPa 
[73] 
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1.8 Possible solutions to prevent BaS04 formation during oil recovery 
Initially a couple of solutions were considered one of which was found to be expensive 
(i.e. reducing the sulphate concentration in sea water by reverse osmosis prior to its 
injection). It is cheaper to use chemicals that either prevent the scale forming or alter the 
precipitate to a non problematic one [65]. Controlling BaS04 scale deposits by dissolution 
was mentioned in literature the [74]-[75]. Dunn and Yen suggested using chemical 
dissolvers based in amino acetate group. Dunn and Yen considered it as a strong chelating 
agent for barium ions [74]. Dunn and Yen have reported using diethylenetrinitrilopenta 
acetic acid (DTPA) and ethylendinitrilotetraacetic acid (EDT A) as two major chelating 
agents. Dissolution took place by placing 0.4 g of BaS04 sample in a 100 cm3 of 0.18 M 
dissolvers adjusting the pH to 12 at three different temperatures 313 K, 333 K and 353 K 
with mild stirring mode. The percentage of BaS04 dissolved at multiple times was 
determined (from several minutes to one day) (Figure 1.36). Results showed that the 
dissolution rate is strongly temperature-dependent. Inhibition was also suggested as a 
solution to any scaling problems by using inhibitors which get adsorbed on the BaS04 
crystal surface. The inhibitor has to be attracted to the surface initially and then it has to 
bind to it. Attraction can be provided by electrical interaction between the negatively 
charged anions of the inhibitor and the positively charged cations at the crystal surface 
[76]. Leeden and Rososmalen [76] have investigated the adsorption level of three 
polyelectrolytes (PMA-PVS, a co-polymer of maleic acid and vinyl sulfonic, and PPAA-I 
and PPAA-II, two polyphosphino acrylates with different molecular weights (Figure 1.37) 
on BaS04 crystal surfaces. In order for an inhibitor to bond to a BaS04 surface sufficient 
functional groups are required to form coordinative bonds with the cations at the crystal 
surface. Those functional groups are able to form hydrogen bridges with the anions or 
with crystal water molecules, which can contribute to the bonding as well. Scale-forming 
compounds can be prevented from precipitating by in-activating their cations with 
chelating or sequestering agents, so that the solubility of their reaction products is not 
exceeded. Also, certain substances are known to function as scale or precipitation 
inhibitors in a potentially scale-forming system at a markedly lower concentration than 
that required for sequestering the scale cation. Such substances are known as "threshold 
active" compounds as reported by Mahala in 1987 [37], who have found a novel, 
synergistic combinations of sequestering or chelating agents which are effective in 
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sequestering the Ba2+ from BaS04 thus olubili sing the BaS04 enabling its removal from 
surfaces to which the barite adheres. 
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Figure 1.36 Barite di s olution profi le curves by 0.1 8 M dis olvers in a tirred sy tern A) 
diethylenetrin itril openta acetic acid (DTPA) and B) ethylendinitrilotetraacetic acid 
(EDTA) [74] 
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Figure 1.37 Generic formula of (a), a copolymer of maleic acid and vinyl sulfon ic acid 
(PMA-PVS) and (b) pho phinopoly acrylate, both in their uncharged state (PPAA) [76] 
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The compositions are also effective in preventing the formation of BaS04. The BaS04 
sequestering compositions comprise of: citric acid, a polycarbazic acid and an 
alkylenepolyaminopolycarboxylic acid. The weight ratio of citric acid to the 
alkylenepolyaminopolycarboxylic acid is in the range from about 0.5 to 1 to about 11 to 
1. The weight ratio ofthe polycarbazic acid to the alkylenepolyaminopolycarboxylic acid 
is within the range from about 0.002 to 1 to about 0.2 to 1. 
Other methods used for scale inhibition are reverse osmosis (which works by filtering sea 
water through a semi-permeable membrane that will not allow most sulphate to pass 
through); but semi permeable membranes were found to be expensive [77]-[78]. Gan et 
al. [79] have reported forming spherical BaS04 nanoparticles (20 nm) by coating it with 
polyaniline in an inverse microemulsion (Figure 1.38) [79]. Ivanova et al. [80] have 
synthesised water in oil microemulsions of BaS04 nanoparticles in poly(ethylene glycol) 
octyl phenyl ether (Figure 1.38). BaS04 particles (the average diameter is 10 nm) were 
obtained by mixing two microemulsions containing Ba2+ and sol- ions. It was shown 
that the sizes of BaS04 particles measured by the dynamic light scattering and 
transmission electron microscopy were in good agreement with each other (Figure 1.39). 
1.9 Scaling rate determination or inhibition efficiency 
Various studies have taken place in the presence of certain inhibitors to measure BaS04 
inhibition efficiency. Amjad [81] studied the performance of diethylenetriamine penta 
(methylene phosphonic acid) (DETPMP), against barium sulphate scale formation. After 
maintaining both supersaturation and the amount of eqUilibrium precipitation of BaS04 
constant in the test brines, it was found that as temperature increased from 298 K to 333 
K, BaS04 inhibition efficiency of DETPMP decreases and as temperature increased from 
333 K to 368 K performance of DETPMP remained almost constant. Additional 
experiments of DETPMP adsorption of BaS04 reagent powder showed that adsorption on 
BaS04 continuously increases as the temperature rose. It has been concluded that kinetics 
of barite precipitation influences BaS04 inhibition by DETPMP. Conventionally it was 
assumed that the degree of supersaturation of the scaling ions in a solution equated with 
the driving force for scale formation. However, it was found that for a constant level of 
supersaturation, the kinetic rate of BaS04 precipitation was higher at elevated 
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temperatures. After 30 min, 96 % of super aturated BaS04 had precipitated out of 
solution at 368 K, but only 89 % at 296 K. 
Figure 1.38 Transmission electron mIcroscope (TEM) for Barium Sulphate (BaS04) 
coated with polyaniline [79] 
Figure 1.39 Photomicrograph of barium sulphate particles in microemulsion [80] 
Similarly after 2 h, 100 % of super aturated BaS04 had precipitated out of solution at 368 
K, compared to les than 94 % at 296 K (Table] .2). 
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Table 1.2 Barium sulphate (BaS04) precipitation rate versus temperature (without 
DETPMP) [81] 
Time % BaS04 precipitated % BaS04 precipitated 
(hour) at 296 K at 368 K 
0.5 88.9 95.8 
1.0 90.5 98.4 
2.0 93.5 100 
3.0 94.6 100 
It was noticed that temperature effects on the DETPMP-inhibition function was 
significant between 296 K and 333 K, while it was rather small between 333 K and 368 K 
(Table 1.3). 
Table 1.3 Temperature and DETPMP adsorption effects on precipitated BaS04 crystals 
[81] 
DETPMP % DETPMP adsorbed % DETPMP adsorbed % DETPMP adsorbed 
(ppm) 8t296 K at 333 K 8t368 K 
5 89.0 90.5 89.9 
10 68.2 74.3 76.4 
20 0.0 12.2 15.4 
1.10 Aims and Objectives of this work 
The main aim of this work is finding a solution for Barium sulphate (BaS04) scaling 
problem in the off-shore field. This was ought to be by forming tiny BaS04 particles in 
the nano scale size. Meanwhile using the barium sulphate nanoparticles prepared in 
catalysis in addition to studying the inhibition efficiency of the BaS04 nanoparticles 
formed in this work. 
The objectives undertaken were designing different species of BaS04 using different 
methods which were to include: (a) colloidal BaS04 in aqueous alcohol medium (1: 1 and 
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1:2) EtOR to water ratio, (b) microemulsions (using different surfactants: cationic, 
anionic and non ionic) and (c) hosting BaS04 in two different sols of Stober silica or 
water-borne boehmite (AIOOR) where the Si02 or AIOOR chaperoned the BaS04. 
BaS04 particles hosted in water-borne boehmite were expected to be more easily 
harvested giving higher yields than those obtained by microemulsion route. BaS04 
nanoparticles in AIOOR were then used to control scaling in an oil-well context; because 
of their small sizes (1-200 nm) and high miscibility in water 64 ppm, 90 ppm and 121 
ppm Ba2+ in water. In addition to BaS04 in AIOOR ability as a contrast agent they could 
allow one to adsorb a sensitizer due to their higher area and accordingly better medical 
diagnosis. BaS04 in AIOOR were also used in novel catalysis. Catalytic test conditions 
used in this work were to relate to vehicle exhausts. BaS04 in AIOOR were used as 
catalysts (with and without Pt or Au activation). 
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Chapter 2 
2 Materials and Methods 
This chapter shows all the instruments used in the characterisation of barium sulphate 
nanoparticle prepared in this work. In addition to the methods and instruments used in 
barium sulphate nanoparticles application's. 
2.1 Materials 
In the aqueous phases the reagents used were: BaCh 99 % purchased from Aldrich 
(RMM = 244.28; p = 3.097 g.cm-3), Na2S04 99 % (RMM =142.04; p = 1.46 g.cm-3), 
CaCh.2H20 99 % (RMM = 147.98; P = 1.84 gm.cm-3), MgCh 99 % (RMM = 95.21; p = 
2.32 g.cm-3), SrCh,6H20 99 % (RMM = 266.62; p = 1.93 g.cm-3) and H2CZ04.2H20 
(RMM = 126.07 ; p = 1.65 g.cm-3). PtCI6(NH4h ammonium hexachloroplatinate(N) 
(RMM = 443.89, p = 3.07 g.cm-3) and HAuC4.3H20 (Hydrogen tetra chloro Aurate tri 
hydrate) (RMM = 393.83) were all purchased from Aldrich. BaS04 extra pure (99.9 %) 
from Riedel-de Haen (RMM = 233.4). Ba Ion Selective Electrode (lSE) calibration 
solution (1000 ppm) and Ba Ionic Strength adjusting buffer (4M LiCI) (rate 2 cm3 per 100 
cm3 sample) purchased from Jenway. TWC catalyst (Pt, Rh, and Pd on a ceria (Ce02) 
zerconia (Zr02) support) from MIRA. Phosphino carboxylic inhibitors: sulphonated 
phosphinocarboxylic acid polymer (Bellasol S50) purchased from BioLabWater 
Additives, Baker Petrolite Calonox ML-3263 purchased from Baker Petrolite and 
DEQUEST®2086 (D2086), DEQUEST®2060S (D2060S) were both purchased from 
Solutia Europe. Solvents are 98 % or 99 % grade.: Ethanol (p = 0.789 g.cm-3), Decane (p 
= 0.73 g.cm-3), dodecane (p = 0.75 g.cm·3), isooctane (2,2,4-trimethylpentane; p = 0.692 
g.cm-\ p-xylene (1,4-dimethylbenzene; p = 0.86 g.cm-\ 2-propanol (p = 0.785 g.cm-
3)cyclohexane (p = 0.78 g.cm-3; Fisher Scientific) and 2-methyl-2propanol (p =0.78 g.cm-
3) were used as hydrocarbons. The following surfactants have been used: (i) SPIO 
(Sistema; HLB 2 sucrose ester of stearate/palmitate (10% monoester», (ii) AOT (sodium 
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bis-(2-ethylhexylsulfosuccinate; sodium dioctyl sulfosuccinate; RMM = 444.55), (iii) 
C12E04 or Brij30 (poly(oxyethylene-4-dodecyl ether), RMM = 362.56; density = 0.95 
g.cm-3), (iv) DDAB (didodecyldimethylammonium bromide; RMM = 462.65) and (v) 
Triton X100 or octyl phenol ethoxylate (RMM = 625; p = 1.07 g.cm-3). Aluminum tri-
sec-butoxide 97% purchased from Acros Organics (RMM = 246.33; P = 0.960 g.cm-3), 
HC137% (RMM = 36.48; P = 1.18 g.cm-3), HN03 20 % (RMM = 63.01; P = 0.960 g.cm-
3) and H2S04 98 % (RMM = 98.08; p = 1.84 g.cm-3) were all laboratory reagent grade. 
Butanol used was Analytical reagent grade (RMM = 74.12; p = 0.80 gm.cm-3). Deionized 
purified obtained from a Milli-Q water purification system. Aqueous ammonia solution 
33 % (2 M, 0.9 g.cm-3) from Sigma Aldrich and Tetraethylorthosilicate (TEaS) (RMM = 
203.33, p = 0.933 g.cm-3) purchased from Aldrich. 
Gases: TPR 6 % H2 in N2 from compressed gas cylinder (20 MPa, BOC gases). Catalytic 
rig: C02, from compressed gas cylinder (200 MPa, BOC gases), NO, 1 % in N2 from 
compressed gas cylinder (200 MPa, BOC gases), air, dry from atmosphere via 
compressor, C3HS, 1 % in N2 from compressed gas cylinder (200 MPa, BOC gases), CO, 
6 % in N2 from compressed gas cylinder (200 MPa, BOC gases) and N2, high pressure 
(10 MPa) gas line from liquid nitrogen boil-off. 
2.2 Methods 
2.2.1 Transmission Electron Microscope (TEM) 
A transmission electron microscope (TEM) can be used to examine the size and structure 
(crystallography) of nanopartic1es. It is operated in the same basic way as an optical 
microscope, but uses electrons (as source) instead of light (Figure 2.1). The resolution is a 
thousand times better than a light microscope, due to the fact that electrons possess much 
lower wavelength. Electrons from electron gun (Figure 2.2) travel down a fine tube in the 
centre which rarely exceeds a mm in diameter then are focused by electromagnetic lenses 
into a very thin beam which passes through the sample. Depending on the density of the 
sample, some electrons are then scattered when they hit the sample; meanwhile the 
unscattered electrons hit a fluorescent screen at the bottom of the microscope. This gives 
rise to a shadow image of the sample. The image is then transferred to the computer 
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screen (attached to TEM), received in the computer screen and analysed using an image 
Micrograph software. 
Electron--+--Wi 
source 
E lectron--I-~ 
beam 
Specimen --I--4;J::) 
Electromagnetic --40n!f.~ 
lense 
Viewing t====:::j 
screen 
Figure 2.1 Transmission electron microscope [82] 
A Transmission Electron Microscope (TEM) consists of the following: 
(i) Electron gun: This is held at the top of the instrument, about a metre above the seated 
operator's head and is usually made of tungsten (W) or Lanthanam hexaboride (LaB6) (a 
wire bent into a hair-pin) acts as the cathode. The filament (Figure 2.2) is heated by the 
passage of a current to about 2800 K while being held at a high negative potential with 
respect to the anode. Electrons thermionically emitted from the filament are accelerated 
towards the anode and a beam of high energy electrons is emitted through the circular 
hole at its centre into the microscope column. A Wehnelt cap (Figure 2.2) is held at a 
voltage slightly more negative than the filament; enables the diameter of the area at the 
end of the filament which emits electrons to be controlled [82]. 
Figure 2.2 Electron gun [82] 
Filament 
+ 
Electron Beam 
Anode Plate 
(positive potential) 
71 
Chapter 2 Materials and Methods 
(ii) Condenser System: Below the electron gun are two or more condenser lenses. 
Together they demagnify the beam emitted by the gun and control its diameter as it hits 
the specimen (Figure 2.3). An aperture is present between the condenser lenses (the 
condenser aperture) which is used to control the convergence angle. The first condenser 
(CI) often labelled spot size sets the demagnification of the gun eros over. The second 
lens (C2) provides control of convergence angle of the beam leaving the condenser 
assembly [82] . 
Figure 2.3 The two lens condenser system [83] 
(iii) Specimen chamber: It lies below the condenser and it is one of the most crucial 
parts of the microscope. The specimen rod enters the column through an airlock, and can 
usually be tilted to locate the region of intere t (Figure 2.4) [83] . 
Figure 2.4 The specimen holder [83] 
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(iv) Electromagnetic lenses (Objective lenses): Their role is to form the first 
intermediate image and diffraction pattern. The key to an understanding of what is 
essentially a very simple lens is the direction of the force which acts on a moving electron 
in a magnetic field. If an electron (e) moving with velocity u experiences a magnetic field 
of strength B, then it suffers a force of F = Bev in a direction perpendicular to both the 
direction of motion and the magnetic field. Expressed more concisely in vector notation 
in equation 2.1 [83]: 
F =e(B 1\ v) (2.1) 
A typical electromagnetic lens is designed to provide a magnetic field almost parallel to 
the direction of travel of the electrons. When electron enters the lenses it experiences a 
magnetic field B which can conveniently be resolved into components Bax along the axis 
of the microscope B rad in a radial direction (Figure 2.4). Initially the electron is unaffected 
by B ax' but experiences a small force of magnitude B rad from the small radial component. 
This force causes the helix motion of the electron along the len . As soon a it starts to 
spiral it has a component of a perpendicular velocity Vci rcum experiencing a force of 
magnitude Baxevcircum in a radial direction. A coil consisting of a large number of turns of 
wire W (Figure 2.5) which is wound in a soft iron core, C was used in order to generate a 
magnetic field of just the right strength, size and hape. 
e 
\11\1\\!\ll~ 
w ~H~H~1n~ . 't-• • •• 
mmml! 
t:l:~~ ::::: 
Figure 2.5 Electromagnetic lenses [83] 
(v) The projector system -images: Objective lenses usually produces a first image 
which has a magnification of 50-100 times. 
(vi) The Camera: Charged coupled device (CCD) array camera are commonly used. A 
computer based video system wa used directed at a phosphor screen. 
73 
Chapter 2 Materials and Methods 
TEM instrument used here was a Philips CM200 with holey-carbon grids purchased from 
Agar scientific. BaS04 samples were placed (couple of drops) on the grid using a glass 
pipette, allowed to dry (2 h) then rinsed with a couple of water drops added using a glass 
pipette (to remove NaCl) from colloidal BaS04. After that they were allowed to dry for 
further 2 h prior to analysis. While in BaS04 microemulsions after the samples were dried 
they were rinsed by a couple drops of ethanol, methanol or hexane depending on the 
surfactant used. Boehmite (AIOOH) samples and BaS04 in boehmite and catalysts were 
not rinsed (used as they are). The grid was then placed in the specimen holder, which was 
placed in the TEM specimen (Figure 2.1) and analysed. All of the samples prepared in 
this work were analysed using TEM. 
2.2.2 Electron diffraction (ED) 
Firstly before going into further details, one needs to know that elastic scattering is the 
process which might change the direction of the primary electron without changing its 
energy deductibility. This type of scattering results from columbic interactions between 
the primary electron in addition to both the nucleus and all the electrons around; it is also 
known as Rutherford scattering. If the energy of the primary electron is Eo, the probability 
of it being scattered through angle 9 is given by: 
(0) _ 1 P -E2'4e 
o sm 
(2.2) 
I.e. the probability of a small angle of a scatter is very much greater than that of a large 
angle. Equation (2.2) shows that the intensity of the elastic scattering (fa) from a particular 
atom species is a maximum when the scattering angle (9) is zero and decreases 
monotonically as e increases. One might therefore expect that a diffraction pattern from a 
solid specimen could be somewhat similar. According to equation (2.2) when the atoms 
are close together there is a strong interaction between the electrons scattered from 
different atoms. The two parameters of importance in electron diffraction are the angular 
distribution of the scattered electrons and the intensity of the scattering. Knowing the 
factors which determine the intensity of electron scattering, enables us to derive more 
detailed information from a diffraction pattern [82]. Bragg's Law (equation 2.3) is widely 
applied to the diffraction of X-rays as well as electrons. 
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2d sin (} =nA. (2.3) 
In equation 2.3 n is an integer, A. is the wavelength and d sinO equals CB equals BD 
(Figure 2.6) and this occurs when the incident electron beam is coherent or in phase as 
shown in Figure 2.6. Any scattered waves which are also in phase with one another will 
reinforce and will lead to a strong beam of electrons, whereas, any scattered phase which 
are out of phase will not reinforce. The scattered waves at D will be in phase if the path 
length from I to D is the same for both scattered waves, (Le. if neither wave is scattered), 
or, if the path lengths differ by an integral number of wavelengths [83]. Figure 2.6 shows 
• 
scattering of an incident beam of electrons (I ) by a crystalline specimen. Intense beams 
of electrons may emerge from the other side of the specimen undeviated (T) or having 
been diffracted from the atomic planes of spacing d (D). In other directions (e.g. N) no 
intense beams will be formed [83] 
I 
• 
• 
• 
• 
• • 
• 
• 
• • 
Figure 2.6 The scattering of an incident beam [83]. 
2.2.3 Dynamic Light Scattering (DLS) 
Generally in DLS a laser light passes through a collimator lens (Figure 2.7) and then hits 
the cell with the sample. After hitting the sample the light then scattered and detected by a 
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photomultiplier at an angle of 90° to the source that transforms a variation of intensity 
into a variation of voltage [84]. The instrument used here was a Malvern Zetasizer 
nanoseries, which works with a slightly different mechanism called non-invasive back 
scatter (Figure 2.9). Its measurement brings detailed insight into the dispersion 
mechanism and is the key to electrostatic dispersion control. The measurement of zeta 
potential (a measure of the magnitude of the repulsion or attraction between particles) is 
an extremely important parameter across a wide range of industries. Malvern Zeta Sizer 
Nanoseries which was used in this work have a unique technique to measure the particle 
size which is called non-invasive back scatter (NIBS) (Figure 2.8), this technology takes 
particle size to a new level of sensitivity (0.6 nm-600 nm). 
LASER 
PHOTO~fUL 
TIPLIER 
Figure 2.7 Schematic diagram of a dynamic light scattering (DLS) [84] 
The sizing capability in the Zetasizer Nano Series instrument detects the scattering 
information at 173°. This is known as backscatter detection. In addition to that the optics 
is not in contact with the sample and hence the detection optics are said to be non-
invasive. One of the main advantages of NIBS is increasing the sensitivity. For BaS04 
analysis, 2-3 cm3 of the sample was placed as they are (without further dilution) in a 
plastic cuvette lcmxlcm and inserted in the sample place in the DLS for analysis. Particle 
size analysis was carried three times (each having at least 15 scans) and an average was 
taken. Volume taken from each sample was 2.5 cm3 t refractive index (RI) (BaS04) 1.39, 
absorption (BaS04) 0.10 and temperature varies from 296-300 K. 
2.2.4 Scanning electron microscopy (SEM) 
Scanning Electron Microscope (SEM) uses electrons rather than lights to form an image. 
It produces high resolution images of a sample surface. The advantages of SEM are its 
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large depth of field images forming a three dimensional image[82]. Electrons come from 
the filament made of tungsten hair-pin gun loop (Figure 2.8). A voltage is applied to the 
loop causing it to heat up generating electron that are then accelerated towards the anode 
due to the attractive forces. The beam is then condensed by a lens and focused as a very 
fine point on the sample by the objective lens. 
Grid Cap 
(cylinder) 
~ 
Filament Heating Supply 
!~---
i 
I 
I 
I 
I 
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EQu ipotentials 
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Plate't.. 
'I 
Beom Current 
High 
Figure 2.8 Scanning Electron Microscope (SEM) electron gun [82] 
The scan coils are then energized (by varying the voltage produced by the scan 
generator) creating a magnetic field which deflects the beam back and forth in a 
controlled pattern. The instrument used here was a Hitachi S3200N with an Oxford 
instruments EDX detector. Samples prepared here were placed in a carbon sheet placed in 
an aluminium tub, allowed to dry for 2 h at least then coated with 2 mm (thickness) gold 
layer using a sputter coater model K575X made by EMITECH to prevent charging. The 
SEM was used in this work to analyse both colloidal and dry water-borne boehmite with 
and without BaS04. 
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2.2.5 Scanning Transmission Electron microscope (STEM) 
Scanning Transmission Electron Microscope (STEM), implies transmi ion electron 
microscopy (TEM) performed with a canned, focused electron beam. STEM i a very 
straight-forward technique (Figure 2.9): a fine electron probe is scanned acros a thin 
specimen and the inten ity of the transmitted electron signal i mea ured using one or 
more electron detectors [85]. One of the mo t important differences between STEM and 
TEM is that the electron beam goes from bottom to top in a STEM but from top to bottom 
in TEM (Figure 2.9) [85]. BaS04 samples prepared in thi work were analy ed by STEM 
similar to those prepared for TEM (section 2.1). STEM used here is a Hitachi model 2300 
HA. 
Figure 2.9 Simple diagrams of Scanning Transmission Electron Microscope (STEM) and 
(Scanning) Transmission Electron Microscope «S)TEM) side by side [85]. 
2.2.6 Electron Energy Loss Spectroscopy (EELS) 
In electron energy loss pectro copy (EELS) a material is exposed to a beam of electrons 
with a known narrow range of kinetic energies. Some of the electron will undergo 
inelastic scattering. Which means that they lose energy and have their (electron) paths 
slightly and randomly deflected. The amount of energy loss can be mea ured via an 
electron spectrometer and interpreted in terms of what caused the energy 10 . The inner-
shell ionizations are particularly useful for detecting the elemental components of a 
material. When carried out in a modern transmission electron microscope, EELS i 
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capable of giving structural and chemical information about a solid. with a spatial 
resolution down to the atomic level [86]. 
2.2.7 Conductivity 
A Wayne-Kerr Auto balance Universal Bridge type B642. was used for conductometric 
measurements. The Wayne-Kerr meter was connected to a platinum glass bodied 
electrode housed in a cylindrical glass vessel where BaS04 microemulsions were placed. 
The temperature of the vessel was kept at 298 K. using a thermostat. A magnetic stirrer 
was used to keep the BaS04 microemulsions homogeneous throughout the experiment. 
During conductance measurements. the reciprocal of the resistance S (n- l) readings were 
displayed on the meter. For a platinum electrode of cell constant e (cm-\ the conductivity, 
K(O-l/cm). is given by equation (2.4). Therefore. the molar conductance. Am (S cm2/mol) 
can be calculated from equation (2.5). 
K=Sx8 (2.4) 
Sx8xlOOO 
A =----
'" c 
(2.5) 
In equations 2.4 and 2.5 c (M) is the concentration of the electrolyte and e (Vern) is 
the cell constant [86]. 
2.2.8 Infra red spectroscopy (lR) 
When the Infra Red (IR) beam encounters a molecule. the molecule may absorb some 
amount of its energy. This energy is proportional to the mass of the two atoms 
constructing a band. The instrument used here was a Perkin Elmer 2000. The IR 
source is fundamentally weak. Ff-IR uses Felgett's advantage (not reducing light 
intensity with a monochromator). From the IR source light travels to the beam 
splitter; 50 % of the light is reflected to the fixed mirror and the other half to the 
moveable one (Figure 2.11). Light from each mirror recombines at the beam splitter 
before passing through the sample and to the detector. As the light intensity of the 
recombined beam is recorded at the detector the movable mirror travels towards the 
79 
Chapter 2 Materials and Methods 
beam splitter, producing an interferogram (photographic record made for recording 
optical interference phenomena). As the movable mirror travels, different frequencies 
are reflected in different ways. The summation of con tructive and destructive 
interference over time makes an interferogram, from which a Fourier transform is 
used to calculate a spectrum. The standard infrared spectrum is calculated from the 
Fourier-transformed interferogram giving a percent transmittance (%T) versus light 
frequency (cm-I ) [88]. BaS04 samples were prepared by placing a couple of sample 
drops in sapphire disks (because samples contain water) . 
Fixed mirror 
Figure 2.10 Sketch diagram showing Fourier transform infra red (FTIR) [88] 
2.2.9 Flame atomic absorption spectrophotometer 
Light of the resonance wavelength (553.6 nm for Ba) of initial intensity, 10, is focused 
on the flame cell containing ground state atoms. The initial light intensity is decreased 
by an amount determined by the atom concentration in the flame cell (Figure 2.12). 
The light is then directed where the reduced intensity, I, is measured. The amount of 
light absorbed is determined by comparing I to 10. Transmittance i the ratio of the 
final intensity to the initial intensity, i.e. T = 1/10 [89]. 
10 1 
0 ~;-g -@ Sample 
Source Detector 
Flame 
Figure 2.11 Sketch diagram of atomic absorption [89] 
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The instrument used was a Perkin Elmer Instrument (AAnalyst 400 Atomic 
Absorption Spectrophotometer), using nitrous oxide-ethane flame. Ten standards of 
1000 ppm BaN03 Stock solution (BDH laboratory reagent) were prepared 0, 1, 2, 3, 
4,5, 10, 15,20 and 25 ppm. Barium colloids solutions were diluted 100 times prior to 
analysis due to the high concentration of the barium colloids prepared in this work. 
2.2.10 Gas Chromatography -Mass Spectrometer (GC-MS) 
Gas Chromatography (GC) is an analytical method of separation Figure 2.12. The 
sample components are separated by differential partitioning in two phases stationary 
and mobile. The general process involves repeated adsorption-desorption during the 
movement of sample components. Differential partitioning is due to differences in 
distribution coefficients of sample components. The whole process takes place in a 
column containing stationary phase through which mobile phase is flowing. In GC the 
stationary phase typically is a highly viscous liquid such as polysiloxanes and 
polyethylene glycols, while the mobile phase is highly purified gas such as H2, N2 or 
He. The compounds are separated when the sample in mobile phase comes into 
contact with the stationary phase. The sample distributes between the two phases 
(according to the distribution coefficient, K), this occurs almost instantaneously. The 
distribution coefficient K is represented by equation 2.6 [90]. 
[molecules in stationary phase] 
K = [molecules in mobile phase] (2.6) 
For a given column and under given conditions, all compounds have a characteristic 
partition ratio, k. k is an expression of how many times longer the solute was held up 
by the stationary phase compared to how long it would take if no partitioning took 
place (equation 2.7) 
(2.7) 
The distribution coefficient K is directly proportion to the partition ratio k (equation 
2.8). 
K=fJk (2.8) 
In equation 2.8 P is the phase ratio. This is a column parameter equal to the ratio of 
the volumes of the gas and liquid phases in the column 
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Injector Detector 
Data Processing 
Figure 2.12 Basic Gas Chromatography [90] 
As the compound elute from column they enter a detector. Detector u ed here wa a 
mass spectrometer. The compound and detector interact to produce a signal which 
corresponds to the amount of compound present. The GC used in this work was a HP 
produced GCD series Gas Chromatograph Electron Ionisation (G 1800A) with a 
BPX5 column (25 m, 0.22 mm). The instrument was u ed to analy e the bottom layer 
of BaS0 4 microemul ion after separating from the surfactant by freeze drying. 
2.2.11 Inductively Coupled Plasma Mass Spectrometer (ICP-MS) 
Inductively coupled pIa rna mas spectrometry or ICP-MS is an analytical technique u ed 
for elemental determinations. An ICP-MS combines a high-temperature ICP (inductively 
coupled plasma) source with a mass spectrometer. In Figure 2.13 ICP in the hori zontal 
configuration which i generally used for MS [91]. The sample i introduced into the 
plasma in a stream of argon as an aerosol. The argon tream puncture the plasma, 
forming a central channel where atomization and ionization take place. The central 
channel has temperatures at different positions ( ee Figure 2.1 3). In general, ion are 
sampled some 10 mm from the induction coil , where the ionization temperature is 7500-
8000 K. The ionization metal atoms in a plasma (M ~ M + + e- ) can be de cribed by 
Saha equation [91]. The ionization constant Ki i given by the following equation: 
(2.9) 
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Where n e is the number of free electrons per cm3, nM+ i the number of M+ ions per cm3 
[91]. ICP-MS used in thi work was a Quadrupole ICP-MS X eries I from Thermo 
Fisher Scientific using 137Ba i otope. ICP-MS method was used to analyse some of 
barium sulphate nanoparticJes (in StOber silica and colloidal BaS04 details in section 
6.2.l). Samples were diluted 106 times part per billion (ppb) prior to analy i . Five 
standard solutions were prepared from a 1000 ppm BaN03 stock olution (BDH 
laboratory reagent) 0, 10, 25, 50, 75 and 100 ppm. Those were diluted further x 100 
ending with 100,250, 500, 750, 1000 ppb. 
,~ I!!. '0 ~~ ht QbQ" ~I (.,..., I ~Q",pl~ oo renOI 
1~~~--j 
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Figure 2.13 Inductively coupled plasma (ICP) used as an IOn source in inductively 
coupled plasma mass spectrometry (ICP-MS) [91] 
2.2.12 X-ray diffraction (XRD) 
X-ray crystallography is a method of determining the arrangement of atoms within a 
crystal, in which a beam of X-rays trike a cry tal and diffracts into many pecific 
directions. From the angles and intensities of these diffracted beams, one can produce a 
three-dimensional picture of the density of electron within the crystal [1]. From thi 
electron density, the mean position of the atoms in the crystal can be determined, a well 
as their chemical bonds, the atoms disorder and variou other information. Cry tals are 
regular arrays of atom (explained in the introduction), and X-rays can be con idered 
waves of electromagnetic radiation . Atom catter X-ray waves, primarily through the 
electrons then X-ray striking an electron produce econdary spherical waves (explained 
in more detail in section 2.2.2). In this work a XRD used was, a Panalytical X'Pert Pro 
diffractometer with Cu K a radiation. Diffraction intensity was mea ured between 10° 
and 70°, with a 2B step of 0.017° and a counting time of 83 .3 s/point. 
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2.2.13 Barium Ion Selective Electrode (lSE) and Potentiometric 
measurements 
Ion selective electrodes work on the basic principal of the galvanic cell. By measuring the 
electric potential generated across a membrane by "selected" ions, and comparing it to a 
reference electrode, a net charge is determined. The strength of this charge is directly 
proportional to the concentration of the selected ion (ranging 0.5-13,700 ppm). Barium 
ion selective electrode is explained more in section 6.2.1. 
It is one of the most accurate experimental methods' for the determination of metal-
ions, in this case barium ions even at very low concentrations. It was used to 
determine scaling in the case of BaSOJAIOOH (detailed in section 6.2.1). 
2.2.14 2-Dimensional (2-D) imaging 
Normally in radiography, an X-ray beam is passed through the body section and projects 
an image onto a receptor. The beam that emerges from the body varies in intensity. The 
variation in intensity is caused by X-ray attenuation in the body, which depends on the 
penetrating characteristics of the beam and the physical characteristics of the tissues. In 
other words attenuation is the reduction in the intensity of an X-ray beam as it transverses 
matter [92]. This reduction in the intensity of the beam might be due to the absorption 
energy is transferred from the photons to the atoms of the target or (irradiated material) or 
by deflection of photons from the beam (scatter). For example, if a beam of X-rays is 
passing through a foil and into an x-ray detector, some of the photons will interact with 
the foil and be absorbed completely from the beam and some photons may be scattered 
(Figure 2.14). The intensity of an X-ray beam passing through a layer of attenuating 
material depends on the thickness and type of material. The attenuation coefficient is a 
measure of the quantity of radiation attenuated by a given thickness of an absorbing 
material. The linear attenuation coefficient, symbolized by the Greek letter /1, is the 
fractional change in X-ray intensity per the thickness of the attenuating material: 
AN p=-
N~ 
(2.10) 
In equation 2.9 W is the number of photons removed from the X-ray beam in the 
thickness ~. [92]. 
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The X-ray source was a Hamamatsu L6731 with a Tungsten anode operated at 25 kY. 
The detector was a Hamamatsu C7942 flat panel. BaS04 in (water-borne boehmite and 
water only) solutions (3 cm3) were placed in a lcmxlcm cuvette prior to imaging 
(detailed in section 6.4.1). 
Incident beam, unlttenulled 
Incident beam 
1-
AttenUlted beam } 
lorizaliob 
-: ~chatmerj t • 
I 
Foil 
Figure 2.14 Diagrams show (top) an unattenuated beam and (bottom) an X-ray beam 
passing through a foil into detectors [92] 
2.2.15 Thermal gravimetric analysis (TGA) 
Thermal gravimetric analysis TGA is an analytical technique that measures the weight 
loss or the weight gain of a material as a function of temperature [93]. Thermal 
gravimetric analysis (TGA) used here wa (STA449, Netzsch, Germany). Catalysts 
prepared in this work were analysed after freeze drying. 0.1 mg of each of the cataly t 
was heated at a ramp from 298 K up to 873 K at 10 K/ min. 
2.2.16 Thermal programmed oxidation/reduction (TPOffPR) 
Thermal programmed oxidation and reduction were studied in a Micromeritic TPOffPR 
2900. The idea of TPO is to examine the extent to which a cataly t can be re-oxidized. 
The furnace heats the ample tube and ample according to the selected temperature 
programme. The uptake of oxygen is then measured. The TPR determines the number of 
reducible species present in the catalyst and reveals the temperature at which the 
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reduction occurs. It begins by flowing analysis gas in an inert carrier gas N2 or Ar. While 
the gas is flowing (at the programmed temperature) over the sample placed in aU-shaped 
quartz sample tube is increased linearly with time and the consumption of H2 by 
adsorption/reaction is monitored [94]. The idea was to use TPO and TPR to validate 
catalytic testing of BaS04 containing samples. Ag20 99.9 % was used as a standard 
(detailed in section 6.5.1). 
2.2.17 Catalytic Rig 
BaS04 containing samples, were tested for their catalytic activity on a specifically 
designed rig (Figure 2.16) used to simulate vehicle exhaust emissions. The gases were 
supplied via pipes from their gas cylinders through drying agents. The quantity of each 
gas flowing into the rig was controlled by computer via mass flow controllers (MFCs, 
Brooks 8550S). The flow rate through the rig was maintained at 500 cm3 min· l . The 
individual gases flowed through a cylindrical gas mixing chamber the dimensions of 
which are: 150 mm long, diameter 45 mm and 283 cm3 volume. From the chamber the 
gases flowed to a pair of valves that allowed the flow to go through the reactor assembly 
or by-pass it. The stream then continued on several analysers, a CO analyser (model 401 
NDIR from Analysis Automation Limited), NOx analyser (series 441 Rotork) and a gas 
chromatograph (GC, Perkin Elmer series8500). These three instruments were used to 
measure the concentrations of CO, NO and hydrocarbon gases respectively. Conversion is 
measured by comparing the drop in levels of the reactants with a previous obtained 
baseline. After passing through the analysers the gases were vented out through an 
exhaust. Six gases were connected to the rig: C02, NO, Air, C3Hg, CO and N2. 
Pipes connecting all parts of the rig were composed of stainless steel and PTFE tubing. 
The reactor was made from fused silica or quartz to overcome the temperatures up to 
1273 K. Before the run, the reactor was placed into a vertically positioned Pyro-therm 
furnace (heating rate is 283 K min-t) after leaks from the reactor were tested using a 
soapy film (Teepol detergent in water). CO, NO and hydrocarbons were analysed after 
exiting the system by: a CO analyser used a non-destructive infrared (IR) adsorption 
technique to detect the compound by its fingerprint region at a wavelength of 2143 cm-t. 
The NOx analyser was conversely an analyte-destructive technique and was therefore 
placed directly after the CO analyser in the gas flow. The instrument had mUltiple modes 
to detect different nitrogen oxides such as NO and N02, as they could not be detected 
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simultaneously, NO was chosen as the representative NOx compound. In the analyser it 
was measured through a chemiluminescent reaction with 0 3. The 0 3 was generated by the 
instrument in-situ from the atmosphere by reacting O2 on charcoal cloth. It was then 
introduced into the analyte stream where it reacted with any NO present. The reaction 
produced N02 in both its ground and excited states: 
(2.11) 
(2.12) 
Chemiluminescence was produced by the decay of the excited N02 molecules and the 
intensity of which indicated the concentration. 
(2.13) 
In equation 2.9 hv represents the emission of a photon (h is Planck's constant, 6.626xI0-
23 JKl. and v is the frequency in Hertz). Before the CO and NOx analysers, the gas 
stream splits into two where the other half of the gas stream travels to' the GC as, like the 
NOx analyser, it was also an analyte destructive technique. It was set up to detect the 
concentration of hydrocarbon species present in the gas stream, but not to separately 
differentiate them. The column used was a Poropak-Q with 3 % carbowax of 5 metres in 
length and a mesh size of 1001120. The retention time C3Hs was between 14-16 s, where 
the carrier gas was a mixture nitrogen and air. The flame was fed with hydrogen (high 
purity H2, 175 MPa compressed gas cylinder BOC gases). The GC was fitted with a flame 
ionisation detector (FID) which enabled the measurement of the concentration C3Hs. 
After being eluted from the column a 50 mm3 sample was automatically injected every 
-20-30 s into the flO where it was burned in the air/hydrogen flame. The data was 
obtained as a series of peaks which are compared with the peak area of a baseline peak. 
The peak areas were obtained by a program called Area under a curve. The gas 
composition used in the catalysis rig were controlled via the MFCs using preset Microsoft 
Excel Macros. The data from the analysers was also collected on the same computer using 
licensed Pico log 16/32 bit software. The software was setup to simultaneously record 
four channels NO, CO, GC and the thermocouple output. The analogue signals from these 
instruments were conversed to digital using digital analogue convertor (OAC). Baselines 
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at 100 % of each gas and the other at 0 % (u ing N2 stream only) were taken to compare 
results. 
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Figure 2.15 Schematic of the setup of the catalytic rig showing the main components, 
connections and gas flow routes [95] 
2.2.18 Summary 
As was mentioned in the beginning of this chapter that the chapter includes all the 
methods and in trumentation u ed for characterisation of BaS04 nanoparticles prepared 
here. Transmission, scanning and scanning tran mission electron microscopy (TEM) 
(SEM) (STEM), wa used in characterisation of colloidal BaS04 nanoparticle , BaS04 
microemulsion, BaS04 nanoparticles prepared in both StOber silica and boehmite 
(AIOOH). In addition to the cataly ts prepared at the end of thi work (5 % 
BaC20 ,JAIOOH), (5% BaPtC20,JAIOOH) and (5% AuBaC20,JAIOOH). Cataly ts were 
also characteri ed by X-ray diffraction (XRD) and Thermal gravimetric analysi (TGA). 
Catalytic activity of cataly t prepared here in addition to BaS04 in AIOOH was 
investigated using Thermal programmed oxidation / reduction and the catalytic rig. 
Conductivity and Gas chromatography measurements were used for BaS04 
microemulsion . Scale inhibition efficiency mea urements were analysed by mainly 
barium ion elective electrode after the failure of atomic absorption and inductively 
coupled plasma mas pectrometer method in determining barium ion concentration. 
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Barium sulphate in boehmite was tested as a contrast agent in medical diagnosis using 2-
dimensional imaging. 
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Chapter 3 
3 Colloidal Barium Sulphate 
As mentioned before the main aim of this work is finding a solution for barium sulphate 
(BaS04) scaling in the off-shore field. This chapter shows one of the methods used in this 
work to synthesise tiny (range of nanometer scale) BaS04 nanopartic1es. The assembly of 
the tiny nanopartic1es forming barium sulphate nanoribbons was also investigated .. 
3.1 Introduction 
Barite scale formation is a common problem in the offshore oilfield industry [96]. One 
solution is to reduce the (Sot) concentration in injected sea water by reverse osmosis 
(RO). Reverse Osmosis (RO) is a filtration method that removes many types of large 
molecules and ions from solutions by applying pressure to the solution when it is on one 
side of a selective membrane [78]. In reverse osmosis membrane systems the dissolved 
salts in the feed water are roughly concentrated (4-10 times) and discharged with the 
membrane concentrate. Due to this effect, sparingly soluble inorganic compounds can 
exceed the solubility product of the inorganic compounds and may precipitate on the 
membrane surface (scaling) [78]. As was mentioned before when normal high sol 
seawater is injected into reservoirs which have formation water containing barium and 
strontium, mixing occurs forming a supersaturated BaS04 solution. If pressure decreases 
in and around the production wells, the supersaturated BaS04 solution is no longer stable 
and precipitation occurs, causing scale formation in the production tubing and/or plugging 
of reservoir rock around the production well [97]. Petroleum reserves are often lost. In 
deep water and other complex oil developments, (SOi-) removal, and the subsequent 
prevention of scale provides significant cost advantages. 
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Sulphate reduction technology was developed jointly between Marathon and Dow from 
1987 onwards for the North Sea offshore platform [97]. Sulphate removal membranes 
have been developed specifically by DOW Film Tec with the goal of improving oi l 
recoveries by the prevention of barium and strontium sulphate scale precipitation [97]. 
The nanofiltration SR90 membranes are themselve subject to scaling and require a 
specific antiscalant that i compatible with these particular membrane (Figure 3.1). 
Genesys has developed a pecific anti calant, Genesy DW (Down Well), which inhibits 
common scalants, and specifically BaS04 and SrS04 in the membranes [97]. BaS04 and 
SrS04 are needle shaped crystals (Figure3 .2) . The scale can be removed with alkaline 
chelants but the needles readily pierce the membrane surface cau ing irreparable damage. 
Figure 3.1 Offshore SR90 membrane plant [97] 
Another approach to the problem is through inhibition with a chemical squeeze (in which 
a molecular inhibitor is "squeezed" into the producing oil-well formation and there 
ad orb onto the re ervoir rock, and then slowly de orb later into produced water [98]. 
Classical inhibitors are polymers and phosphonate-ba ed molecules (see Table 3.1 for 
some example) that block crystal growth site [99]-[100]. 
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Figure 3.2 Barium sulphate (BaS04) crystal [97] 
Table 3.1 Barium sulphate BaS04 inhibitor polymers and phosphonate-based molecules 
Name Str ucture 
Poly(ethylene glycol)monomethyl ethers CH3- (O-CH2-CH2)n-OH 
Poly(ethylene glycol)methyl CHr (OCH2-CH2)n-O-CHr C02H 
carboxymethyl ether 
itrilotri (methylene)triphosphonic acid N(P03Hz)3 
There are different factors determining the rate of pho phonate inhibition: pH [101], 
number of phosphonate group [101], structural matching of the phosphonate group with 
the crystal lattice [102], degree of di ociation of the pho phonate group (e.g. 
nitrilodimethylenephosphonic acid (NOP) reported by John et aL. [103]) and 
complexation of ions in the solution and the ability to hydrogen bond [104]. It appears 
that the inhibitory efficacy for all uch additives (Table 3.2) decrea e a the pH increa es 
from pH 8-12 [101]. At pH 3 the additives were found to be ineffective, while in the pH 
range 3-8 the effect of all the additives increase with increasing pH, in which range both 
the additive and the urface are becoming more negative. This i becau e in thi range 
most likely that the inhibitory action is able to overcome the electrostatic repul ion 
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between the negative surface groups and the increasingly negative phosphonate groups. 
Phosphonate groups are known to be multi-protic and their charge depends on pH and 
interaction with different cations [l01]. On the other hand John et al. [101] have 
presented experimental data explaining which species interacts with BaS04 surfaces using 
various inhibitors with different numbers of phosphonate groups at different pH values. 
The effect of ionic strength was studied at pH 12 by the addition of (1 cm3, 0.100 mM) 
NaCI to the mixture of BaCh and Na2S04 (0.5 cm3, 100 mM final Ba2+ concentration 
0.249 mM). The results of which were found to be irreproducible and that was attributed 
to high concentration of NaCI [l01]. While at pH 8 using NDP as an organic additive 
John et al. [l0l] reported that the ionic strength increases by addition of 1 mM NaCI. 
Interestingly. at pH 8 using the NDP without additional NaCl a de-supersaturation (less 
ionic strength) rate of 60 % than with NaCl was reported. 
Table 3.2 Schematic of organic additives investigated [101] 
Name Chemical Structure 
Ethylenediaminetetraphosphonic acid 
Nitrilotrimethylenephosphonic acid 
Hydroxyethylenediphosphonic acid 
Nitrilodimethylenephosphonic acid 
According to Benton et al. [105] work the scale inhibition efficiency was assessed by the 
following: 
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~ Any solid precipitate was removed from the mixtures by hot filtration through a 
450 nm membrane. 
~ Ba2+ concentration in the filtrate was then measured using ICP spectroscopy. 
~ Comparing with a blank initial Ba2+ concentration, the efficiency was calculated 
according to the equation 3.1: 
% efficiency ={ ([soiu -[blank])xlOO} I ([totai]-[biankD (3.1) 
Square brackets refer to concentrations. In other words, Benton et al. [105] mean that any 
additive which can reduce the crystal size to below 450 nm acts as a scale inhibitor. 
Benton et ai. have noticed different crystal habits after using a range of homo- and co-
polymers of maleic acid and acrylamide as inhibitors. Benton et ai. assume that the 
solution pH controls the degree of protonation and the conformation of the polymer 
molecules in solution, which in tum changes the crystal morphology directed by the 
polymer. Results of different BaS04 crystal habits at different pH values were taken from 
scanning electron microscope (SEM) images (Table 3.3). 
Table 3.3 Different crystal habits of barium sulphate (BaS04) formed using polymers of 
maleic acid and acrylamide inhibitors [105] 
pH Crystal habit 
High pH Multi-facetted rosettes 
::::: 6 Needles nucleated from cones 
:::::5 Hollow fibrous cones 
::::4 spheroids 
Benton et al. [105] have reported the crystal habit of BaS04 formed by the rapid mixing 
of Ba2+ and (SOl) and their mixing ratios on the crystal morphology. Most observed 
crystal morphological changes occurred by varying the supersaturation and mixing ratios; 
at high supersaturation eight pointed star-like crystals (Figure 3.3) were formed, whilst at 
low supersaturation a rhombohedral crystal (Figure 3.4) was formed. The rhombohedra 
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shown in (Figure 3.4) were obtained at a final Ba concentration of 200 ppm (the sol-
content was adjusted to give equimolar Ba2+ and sol-in the final mix). 
Figure 3.3 Barium sulphate (BaS04) crystals grown at lower supersaturation; 40 parts 
500 ppm Ba mixed with 60 parts 350 ppm S04, Final [Ba]= 200 ppm [105] 
Figure 3.4 Barium sulphate (BaS04) crystal grown in the volume ratio of 40:60 FW 
1 :SW 1. Final [Ba] = 425 ppm [105] 
Benton et al. have also reported the morphological changes in the presence of crystal 
growth modifiers and inhibitors. Using different polymers of maleic acid and acrylamide 
as inhibitor for BaS04 Benton et al. [105] noticed correlations between inhibition 
efficiency and the crystal morphology as the olution pH varies. Different BaS04 crystal 
shapes were found by SEM of the precipitates (Table 3.4) at different pH values. Related 
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micrograph images are hown in Figure 3.5 and fibrou single crystals cones in Figure 
3.6. The author explained that the modification in the cry tal habit i due to the adsorbed 
molecules blocking the active growth sites (i.e. the phosphonate ions are ad orbed on the 
surface of the cry tal nuclei born in the solution and that they prevent the further growth 
of the nuclei) [106]-[ I 08] . This was in addition to the link between the molecular 
structure of the inhibitor and that of crystal surfaces [109]. 
Table 3.4 Different crystal shape of barium ulphate (BaS04)-inhibited (1) or modified 
(MD) at various pH value 
Modifier (MD) I Inhibitor (0 
pH ! 
== 6 
==5 
4.5 
Certain Polymer (MD) 
Bundles of needle (everal mm 
long) 
Fractal-like hollow cone 
Phosphonate ba ed molecule ([) 
Microcrystalittes (1-10 nm) 
Figure 3.5 Barium ulphate (BaS04) crystal grown in the presence of a maleic acid 
homopolymer cale inhibitor: (a) a conical nucleation or termination point. (b) bundle of 
needle [105] 
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Figure 3.6 Barium sulphate (BaS04) fractal-like tructures obtained with polymeric 
additi ves [105] 
In the literature there are many classes of chemical have been identified a crystal-habit-
modifiers and nucleation-preventer for barium sulphate (BaS0 4) caling problem. The 
crystal habit modifiers fall into the categorie of organic phosphonates and ulfonated, 
carboxylated and pho phonated polymers. Accordingly, two main mechanism of cale 
inhibition have been proposed. Fir t the surface ab orption mechanism in which only 5 % 
of the surface area was found to be covered by ad orbed material in order for complete 
inhibition of growth to occur [110]. The second mechanism ugge t that polymer 
molecules can act as centre of nucleation which chelate the scaling ions into a cluster. 
This process effectively removes the scaling ion in olution, reducing the uper aturation 
[111]-[112]. Benton et al. [105] have reported discovering a new mechanism by which 
phosphonated-based inhibitors act to prevent BaS04 scale formation, in addition to 
developing significantly better new chemical inhibitors. Benton et al. have al 0 reported 
using a generic serie of a phosphonate based inhibitor (referred to a P085) having the 
formula: 
In the chemical formula above n = 1 and m = x = O. The amount of inhibitor used and size 
of particles formed respectively together with the efficiency observed are hown in Table 
3.5. However energy di per ive analy is X-ray (EDX) of the sacking electron microscope 
(SEM) images in Figure 3.7 proved that the small particles were not BaS04 as no sulphur 
was found. The particle were a sumed to po sibly be calcium phosphonate and it i 
referred to as 'p eudo scale' which results from mixing the inhibitor with either ea water 
or formation water. 
97 
Chapter 3 Colloidal Barium Sulphate 
Table 3.5 Barium sulphate (BaS04) particles and sizes formed in presence of P08S 
inhibitor and its scale inhibition efficiency 
POSS used in ppm BaS04 (size & morphology) % Efficiency 
innm 
50 I x I 03 -5x 103 oblate spheroids 27 
100 Ix103-5x103 and 200-300 80 
(small) particles 
ISO 200 , some large particles 87 
400 Only small particles 100 
F igure 3.7 Scanning electron microscope (SEM) micrograph of solid (p eudo- caJe) 
deposited in the presence of 400 ppm of P08S [105] 
Scientists consider the effect of T and P on cale formation. Several authors [113]-[118] 
have reported that thermal stability and brine compatibi lity were controlling factor in the 
selection of scale inhibitor in harsh HP/HT (high Tlhigh p) condition. Furthermore, work 
indicated that improved thermal stability was ob erved at 473 K for poly vinyl sulphonate 
(PVS) and sulphonated co-polymer (VS-Co) inhibitors. Therefore it was con idered that 
sulphonated species including PVS and VS-Co inhibitors maybe the most appropriate 
scale inhibitors under HP/HT field condition [119]. 
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Baja et al. [120] reported in 2006 surface modifications and preparation of BaS04 u ing 
octadecyl dihydrogen phosphate (ODP, n-ClsH370P03H2). They considered modification 
of the hydrophilic surface of BaS04 in order to disperse them in a lipophilic matrix. One 
of the ways for good dispersivity is to modify the hydrophilic particle surface 0 that it is 
lipophilic in nature. They noticed that the size of BaS04 particles decreased with an 
increase of ODP concentration. The extent of BaS04 hydrophibicity was measured using 
contact angle (8). 
Figure 3.8 illustrates the behaviour of a water droplet on a thin BaS04 pellet. It can be 
seen that with the water droplet on the thin pellet of pure BaS04 (Figure 3.4 a), the (8) 
value is so low that the drop spreads over the surface of the hydrophilic pellet. . This 
phenomenon suggested that (8) for water on pure BaS04 was nearly 0°. When adding 
ODP (0.85 wt. %) to BaS04, the hydrophobicity was decrea ed and contact angle 
increased to 53.47° (Figure 3.8 b) . When the amount of ODP wa increased to 1.85 wt.%, 
(8) increased to 97.75° (Figure 3.8 c), as the BaS04 surface moved from hydrophilic to 
hydrophobic. This indicated that the hydrophobic surface could be formed when the 
weight ratio of ODP/BaS04 was above 1.85 wt.%. The relative contact angle (8) was 
slowly increased to 104.34° and 111.12° (Figure 3. 8 d and e) with the amount of ODP 
being 2.00 and 2.50 wt.% respectively [120] . Particles produced with ODP were found to 
be spherical (diameter varying in the range 43-106 nm) or ellipsoidal (particles in the 
range 43xSO-1 06x184 nm). Looking at a high magnified image (inset in Figure 3.9) of the 
ODPIBaS04, a thin layer of ODP is clearly observed ad orbed onto the BaS04 surface. 
Figure 3.8 Behaviour of a water droplet on thin barium sulphate (BaS04) nanoparticles 
pellet whose surface was modified by various amounts of octadecyl dihydrogen phosphate 
(ODP): (a) 0 wt.%, (b) 0.85 wt.%, (c) 1.85 wt.%, (d) 2 wt.% and (e) 2.5 wt.% [120] 
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Figure 3.9 Transmission electron microscope (TEM) micrograph of the hydrophobic 
nanoparticles obtained with 2 wt. % octadecyl dihydrogen pho phate/barium sulphate 
(ODPlBaS04). The inset image is selected part of micrograph at the arrow position and is 
magnified four times [120] 
Nagakane [121] and Reyerson et al. [122] have reported on the formation of colloidal 
BaS04 in aqueous- alcoholic olvents; they concluded that the solubility of BaS04 in 
aqueous alcohol is very small. This was attributed to the high speed of crystal formation. 
The latter prepared BaS04 precipitates in 50 % alcohol by mixing both solution of BaCh 
and K2S04, stable sols were obtained in exces of BaCh. 
On the other hand some authors have reported BaS04 precipitation in ves els u ing 
turbine. For example Wong et al. [123] carried out BaS04 precipitation in a tirred tank 
by an essentially instantaneou addition of BaCl2 solution to Na2S04 olution (or vice 
versa) in equal volume with concentrations up to 10 mM; this concentration resulted in a 
supersaturation ratio below 1000. They wanted to investigate the effect of reactive ion 
(Ba2+ orSOl ) and impeller speed (or agitation speed) in a semi-batch tirred-tank. They 
defined the volumetric ratio, a, of the initial tank volume to the total feed volume of 
reagents in equation 3.2. 
Vtnk 
a=--
Vfeed (3.2) 
The total Ba2+ to (SOl-) ion mol ratio , ll , for the two mode of feeding wa defined a : 
lOa 
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(3.3) 
C naCI, 1 
TJ = -
C NazSO. a 
For BaS04 feed 
(3.4) 
The super-saturation ratio for BaS04 can be defined as in equation 3.5: 
S= C naC so. 
Ks 
(3.5) 
In equation 3.5 Ks is the solubility product of barium and sulphate ions in the equilibrium 
state (_1.1xlO-10 kmoI2/m-6). Wong et al. concluded that the influence of impeller speed 
was limited, except at molar ratios close to stoichiometric, when they found a mall 
increase in particle size. Excess of barium at initial supersaturation corresponded to faster 
nucleation and crystal growth than for the corre ponding excess of sulphate. The final 
crystal structure was a result of dendrites growth (Figure 3.10). 
Figure 3.10 Morphology and size of barium sulphate (BaS04) as a function of barium 
chloride: potassium sulphate (BaCI2:K2S04) molar ratio with BaCl2 feed at 150 rpm [123] 
Aoun et al. [124] studied precipitation of BaS04 under both stoichiometric and non-
stoichiometric reactant ratios. Precipitation took place at 295 K in a 20 cm3 batch 
precipitator that was agitated by a six blade turbine at 300 rpm. Precipitation was initiated 
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by quickly adding 10 cm3 of BaCh solution to 10 cm3 of K2S04 solution (or vice versa). 
Particles formed were oval plates with four branches, giving a structure that look like a 
four pointed star or a rosette. They concluded that an excess of BaCl2 or K2S04 
accelerated the crystal growth rate. The zeta potential of BaS04 particles indicates there is 
a surface charge which assumed influenced the crystal growth during precipitation. 
Sermon et aL. [125] produced BaS04 nanoribbons with nm thickness, 50-60 nm width and 
almost continuous length (Figure 3.11) using a 'molecular mangle'. Homogeneous 
solutions of BaCh and K2S04 in ethanol/water 50 % were mixed in the reactor. The 
reactor consisted of two reservoirs. BaCh/H20-C2HsOH (50:50) wa placed in one and 
Na2S0JH20-C2HsOH (50:50) was in the other. N2 was bubbled through both reactant 
reservoirs and carried in picomolar amounts of Ba2+(aq) and SO/-(aq) separately through 
the organic phase (decane) to the surface where BaS04 was formed (Figure 3.12). Effect 
of ethanol in precipitation of BaS04 using a Langmuir monolayer have been tudied 
before by Rataray et al. [126] who reported that ethanol produces more regular BaS04 
morphologies. 
Figure 3.11 Transmis ion electron microscopy (TEM) images of barium sulphate 
(BaS04) nanoribbons grown in the surface film (nanomangle) in the reactor in Figure 3.8 
[ 125] 
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Figure 3.12 Reactor used to precipitate barium sulphate (BaS04) [125] 
3.2 Experimental 
3.2.1 Synthesis of colloidal barium sulphate (Ba804) nanoparticIes 
Materials were all purchased from Sigma Aldrich. Solvents are 98% or 99% grade. 
Equimolar aqueous aJcohol solutions of BaCh and Na2S04 solutions (in ethanol water 1: 1 
and 1:2 ratios) were prepared by mixing 1: 1, 1:2 and 2: 1 ratio of BaCh: Na2S04. BaS04 
( I: 1 ratio BaCI2:Na2S04) was prepared by mixing 10 em3 of BaCI2 solution (5 mM) in 
100 em3 EtOH:H20 1: 1 and 10 cm
3 
of Na2S04 solution (5 mM) in 100 em3 ethanol:water 
1: 1. BaS04 particles were prepared by varying BaCh and Na2S04 volumes (Table 3.6). 
Similarly BaS04 particles were prepared using EtOH: H20 1:3 ratio a a solvent (Table 
3.6). Na2S04 was found to be insoluble in 2: 1 EtOH: H20 ratio solution. 
3.2.2 Formation of colloidal barium sulphate (Ba804) using a tubular 
reactor 
An aqueous alcohol solutions of each BaCh and Na2S04 in EtOH:H20 (l:2 ratio) were 
prepared by mixing 1: I, 1:5 and 1: I 0 ratio of BaCI2: Na2S04 usi ng a tubular reactor 
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(Figure 3.13). BaCh and Na2S04 aqueous alcohol solutions were mixed in a bench beaker 
for comparison with those mixed by the reactor. The reaction was carried out at 298 K 
using a tubular reactor (0.8 m length) with internal diameter 0.038 m, a concentrically 
located tube internal diameter 0.0018 m, 0.24 m length ending with a feed nozzle (Figure 
3.13). An alcoholic aqueous solution of Na2S04 (50 mM) was introduced over the 
lower part of the reactor, while BaCh (50, 1 and 5 mM respectively) was fed through the 
concentrically located pipe. The pipes Reynolds number used were 2000 and 125 for 
Na2S04 and BaCh respectively. 
Table 3.6 Various volumes of barium chloride (BaCh) and sodium sulphate (Na2S04) 
mixed to give barium sulphate (BaS04) 
BaClz:NszS04 EtOH:HzO Volume of BaCh Volume of NsZS04 
(5 mM)/cm3 (5 mM)/cm3 
1:1 1:1 10 10 
1:2 1:1 5 10 
2:1 1:1 10 5 
1:1 1:2 10 10 
1:2 1:2 5 10 
2:1 1:2 10 5 
Reynolds Number and types of flow: 
The fluid flow can be either laminar or turbulent (fluid regime characterised by chaotic 
includes: low momentum diffusion, high momentum convection and rapid variation of 
pressure and velocity). The factor that determines which type is present is the ratio of 
inertia forces to viscous forces within the fluid, expressed by the non dimensional 
Reynolds number in equation 3.6: 
R = pVDI J.l (3.6) 
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Figure 3.13 Tubular reactor used in the precipitation of barium sulphate (BaS04) 
In equation 3.6 V and 0 are the fluid characteristic velocity (mls) and distance (m); p is 
the density kglm3 and ).l viscosity, Ns/m2• Reynolds number in this work was chosen 
according to the concentration of Ba2+ (400 ppm) in formation water and sol- in sea 
water (2689 ppm). It was found to be 125 and 5000 for BaCh and Na2S04 respectively 
which was calculated according to the following: 
Illustrative calculations for the small pipe concentrically allocated in the tubular 
reactor 
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Density of barium chloride (BaCh) 50 mM in ethanol water 1:2 ratio =973 kg/m3 
Viscosity of 50 mM sodium sulphate (Na2S04) in ethanol water 1:2 ratio = 0.00 170 
Ns/m2 
Diameter of the concentrically tube = 0.0018 m 
Reynolds number for some velocities was calculated using equation (3.6) to plot a 
calibration curve (Figure 3.14). 
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Figure 3.14 Reynolds number relating to a range of velocities in the reactor (small pipe) 
From the calibration curve y=1030.2x, the velocity was calculated knowing that the 
Reynolds number is 125. Velocity was found to be 11 mls. 
For Large pipe (tubular reactor) 
Density of Na2S04 50 mM in ethanol water 1:2 ratio = 968 kglm3 
Viscosity of 50 mM Na2S04 in ethanol water 1:2 ratio = 0.00166 Ns/m2 
Diameter of the concentrically tube = 0.034 m 
Similar as in the small pipe (Figure 3.24) the velocity was calculated knowing that the 
Reynolds number is 5000 from the calibration curve y=19827x. The velocity for the large 
pipe was found to be 48 mls. 
Viscosity measurements 
Fluids viscosity arises from the shear stress between the layers that oppose the applied 
force. Low Shear 30 Viscometer (Figure 3.16) is a highly sensitive instrument that 
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measures the shear rate dependence of viscosity for mainly Newtonian fluids (like water) 
which are fluids independent on the shear rate. The Newtonian fluid is described by the 
equation (3.7) [136]: 
du 
'( = fl.-dx 
12000 
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... Iodt)' (mI.) 
Figure 3.15 Reynolds number against velocity in a large pipe 
(3.7) 
0.5 0.6 
In equation 3.7, t is the shear stress, Jl is the fluid viscosity and duJdx is the velocity 
gradient perpendicular to the direction of shear. This rheometer requires 2 cm3 of liquid 
sample and has a shear rate between 10-2 Is and 102 Is. As the outer cup (Figure 3.16 b) 
rotates the inner bob is connected to a torsion wire. The deflection of the torsion wire 
determines the torque. Force is being transmitted from the fluid to the rotating bob. The 
instrument is capable of detecting the small shear stress forces produced when low-
viscosity fluids are subjected to very low-shear rates [136]. Viscosity readings of the 
rheometer in this work was determined at two different shear rates 20 Is and 37.6 Is at a 
certain range (2 in this case), viscosity was then calculated by multiplying the reading by 
a factor at both given range and shear rate. For example the viscosity of BaCh in EtOH 
water 1:2 ratio was measured at shear rate 20 Is and range 2, the reading was found to be 
40.5 which was multiplied by the factor 0.47 (specifically for shear rate 20 Is at range 2). 
Viscosity = 40.5x 0.047 = 1.77 cp or l.77xlO-3 kg/m.s. 
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a b 
Figure 3.16 a) View of the low Shear 30 Viscometer and b) the cup and bob [136] 
3.2.3 Barium sulphate (Ba804) crystallisation in the presence of 
phosphinocarboxylic acid 
Materi als: Four lype of phosphinocarboxylic acid were used to crystall ise BaS0 4 
nanoparticle (Table 3.7) for suppliers. The method was as follows: BELLASOL S50 25 
cm30f 2.31 mM solution was added to BaCh 100 cm3 2.31 mM under vigorous stirring. 
Na2S04 solution 100 cm
3 of 2.31 mM wa prepared and added under vigorous stirring to 
the previous mixture a similar method wa u ed with ML3263, 2086 and 2060S 
phosphinocarboxylic acids. 
Table 3.7 Type of phosphinocarboxylic acid used as inhibitors 
Phosphinocarboxylic acid Commercial name Supplier 
Sulphonated pho phinocarboxylic BELLASOL S50 BioLab Water Additives 
acid polymer 
Baker Petrolite Calnox ML-3263 ML-3263 Baker Petrolite 
DEQUEST®2086 D2086 Solutia Europe 
DEQUEST®2060S D2060S Solutia Europe 
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3.3 Results and Discussion 
3.3.1 Colloidal barium sulphate (Ba804) by rapid mixing 
Results of the present investigations showed that colloidally-dispersed BaS04 was 
obtained in an excess of barium chloride when dissolved in excess of water to ethanol 
(Table 3.8). Nagakane [121] have reported that the stability of BaS04 colloid was found 
in the presence of an excess of [Ba2+]. Tananaev and Rudnev [127] reported that the light 
absorption increases with the addition of EtOH (up to 30 %). Then it drops sharply after 
addition of above 50 % EtOH to the extent that it practically reaches zero. Hence, the 
increase in light absorption is attributed to decrease in BaS04 dispersion. They noticed 
excess BaCh decreases BaS04 dispersion and affects the crystal morphology of BaS04. 
The results in the current study agree with the results mentioned by Tananaev and Rudnev 
[127]. As the particle sizes of BaS04 formed in excess of BaCh (Table 3.8) were found to 
be smaller (217 nm) compared BaS04 particles formed in an equivalent or excess of 
(Na2S04 274 nm and 253 nm respectively (Table 3.8». From the results shown in Table 
3.8 it can be seen that generally BaS04 particle sizes formed in an excess of water to 
ethanol ratio (solvent) are found to be smaller (222, 163 and 225 nm) than those BaS04 
particles formed in equimolar water to ethanol ratio (274, 217 and 253 nm) (Table 3.8) 
Table 3.8 Sizes of prepared nanoparticles by dynamic light scattering (DLS) 
Baell : Volume of BaCil Volume of Na1S04 BaS04 formed A verage size of 
Nal S04 (em; (eml) BaS04 (nm) 
1:1' 10 10 Suspension 274 
2:1- 10 5 Suspension fine 217-
precipitate 
1:2- 5 10 Suspension 253 
1:1+ 10 10 Suspension 222 
2:1+ 10 5 Colloid 163-
1:2+ 5 10 Suspension 225 
• EtOH:H20 (1:1 ratio), + EtOH:H20 (1:3 ratio) 
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The particle size of colloidal BaS04 in EtOH:H20 1:3 formed by exces of BaCl2 was 
measured by TEM (Figure 3.17) by applying two drops of BaS04 suspension on a copper 
grid which was washed with water prior to drying to remove NaCI. This BaS04 average 
particle size was found to be 50-150 nm according to TEM. The results were slightly 
different from those obtained by DLS (163 nm). This finding might be due to the rin ing 
off of NaCl in the former method (TEM). 
Figure 3.17 Transmission electron micro copy (TEM) of colloidal barium ulphate 
(BaS04) 1:3 ratio (rhombohedra ize 50-150 nm) 
3.3.2 Formation of colloidal barium sulphate (BaS04) using a tubular 
reactor 
In thi work colloidal BaS04 was also formed by micromixing (mixing in molecular 
scale) [51] of BaCh and Na2S04 using a tubular reactor. The chemical reaction, 
nucleation and growth are molecular proce e as in equation 3.8: 
(3.8) 
Micromixing in the precipitation process wa previously reported in the literature [51]. It 
was thought that it changes the immediate chemical reaction by controlling the generation 
of uper aturation of the product to be cry tallised (in this ca e BaS0 4). Baldyga and 
Orciuch [128] later have inve tigated the precipitation of sparingly soluble materials 
using tubular mixing. 
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In this work BaS04 colloid was prepared using a tubular reactor (Figure 3.1 8), Na2S04 
(0.05 M) was pumped from the bottom inlet at 40 cm3/min rate, while BaC12 (0.05 M, 
0.001 M, 0.005 M respectively) was fed through the concentrically located pipe with a 
flow rate 11 cm3/minute. The Reynolds numbers used were 2000 and 125 for Na2S04 and 
BaCh respectively. Both BaCh and Na2S04 solutions were dissolved in EtOH:H20 (1 :2 
ratio) . These salts were mixed using three different ratios 1: 1, 1:5 and I: I 0 of the former 
to the latter. The BaS04 particles produced were analysed by scanning transmission 
electron microscope (STEM) and transmis ion electron microscope (TEM) by applying a 
two drops onto the TEM copper grid followed by another water drops prior to drying to 
rinse NaCI off. TEM and STEM image showed dendrite-like BaS04 particles with 
varying the particle size according to the mixing ratio (Figure 3.19); small dendrite-like 
BaS04 nanoparticles ranged (16x69-24x156 nm (width x length)) were formed by mixing 
BaCh:Na2S04 1: 10 ratio while the BaS04 particle sizes formed by 1: 1 (equimolar) and 
1:5 excess of Na2S04. 
Figure 3.18 The tubular reactor used in this work 
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Transmission electron microscopy (TEM) images (Figure 3.19) showed that dendrite-like 
particles were formed by the assembly of small nanoribbons which were formed by the 
growth of small particles. The nanoribbons produced were found to have different sizes 
and structures according to BaClz:Na2S04 ratio used. Equimolar BaCh to Na2S04 formed 
regular orthorhombic shapes (Figure 3.15), while in the presence excess (5 and 10 times) 
of the latter irregular shapes assemblies were formed. The size of the regular crystals were 
found to be larger (27x 113-91 x311 nm) compared to the irregular ones (20x212-60x267 
and 16x69-24x156 nm) 1:5 and 1:10 BaCh:Na2S04 respectively (Figure 3.19). The 
results provided explain that an excess of Na2S04 affects both the size and the 
morphology of the produced particles. Similar results were obtained previously by 
Fischer et al. [129] who reported that "over a wider range of concentrations, the size 
decreases as the concentration is varied above and below some optimum value". Within 
this context, studies carried out by Aoun et al. [124] showed that the excess of each of the 
reactants (BaCh and Na2S04) accelerates the crystal growth rate. These authors 
concluded that specifically Ba2+ and (S042-) are responsible for this acceleration under 
non-stoichiometric conditions. It was also noted by Oncm et al. [130] that the effect of 
micro mixing increases with low Reynolds number (less than 40,000). 
X-ray diffraction (XRD) analysis proved the formation of dendrite-like crystals and 
accordingly the nanoribbons compose of BaS04 (Figure 3.20). Ba peaks appeared at 
around 5 keY, 0 and S peaks were shown at 0.5 keY and 2.3 keY respectively. The strong 
copper peaks were attributed to the copper grid. 
Results obtained by dynamic light scattering (DLS) measurements for the BaS04 particles 
produced are in accordance with those derived from TEM. Figure 3.21 shows the particle 
size distribution against the size of particles in nm. Large and small peaks were obtained 
for the three different ratios used (1:1, 1:5 an 1:10 BaCh:Na2S04). This explains the fact 
that the dendrite-like particles were formed by assembling small sized (0.62-0.73 nm) 
particles. In other words the large particles formed in Figure 3.21 were formed by small 
particles attached together. On the other hand the three large DLS peaks explains the 
growth of small particles, the (Figure 3.21) sizes of which varies between 88 (1:10), 147.8 
(1 :5) and 263 nm (1 : 1). 
112 
Chapter 3 
Ratio of 
BaClz:NazS04 
1:1 
1:5 
1:10 
STEM 
Colloidal Barium Sulphate 
TEM Average BaS04 
particle size (nm) 
27xl 13-91x3 I I 
20x2 12-60x267 
16x69-24x 156 
Figure 3.19 Scanning electron microscope (STEM) of barium sulphate (BaS04) formed 
by tubular reactor mixing of barium chloride (BaCh) and sodium sulphate (Na2S04) 
Rapid mixing of BaCh and Na2S04 was performed in a bench beaker using the same 
molar ratios used by the turbulent reactor in order to compare the shape and ize of the 
particles produced. BaS04 particles formed by rapid mixing did not how dendrite-like 
aggregates except from the 1: 10 ratio excess of Na2S04 in which nanoparticle as embly 
took place (Figure 3.22). In other word the barium sulphate nanoparticle do not 
aggregate in the presence of exce Na2S0 4. 
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Figure 3.21 Dynamic light scattering (DLS) of dendritic barium ulphate (BaS04) 
particles formed by BaCh:Na2S04 (1 :1,1 :5 and 1:10) ratio 
Equimolar mixing of barium chloride (BaCh) and sodium su lphate (Na2S04) and ] :5 ratio 
excess of Na2S04 produced randomly fonned nanoparticle Their izes varie between 
22-89 nm for the former and 11-73 nm for the latter (Figure 3.22). Higher magnification 
TEM (x50,OOO) howed that the particles fonned by 1: 1 BaCh:Na2S04 ratio, were found 
to be larger than those produced by 1:5 ratio. The 1: 10 ratio of BaC12:Na2S04 leads to the 
formation of dendrite-like as embly that is why the nanoparticles sizes vary from 10 to 89 
nm (Figure 3.22). Since BaS04 nanoparticles formed by the tubular reactor form regular 
a sembJies, while the one fonned by rapid mixing do not fonn regular a embly. This 
leads to the sugge tion that tubular reactor omehow controls the growth procedure of the 
BaS04 formed initially as mentioned earlier in the chapter. Baldyga el al. [51],[ 128] 
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reported that precipitation of BaS04 generally occurs by nucleation and cry tal growth. 
Precipitation using a tubular reactor is a fa t process which follows the sequence macro, 
meso and micromixing which affects the course of precipitation. 
Ratio of TEM (xlS.000) TEM (xSOO.OOO) Particle ize (nm) 
1:1 22-89 
I:S \\ -73 
1:10 \0-89 
Figure 3.22 Transmi ion electron microscope (TEM) image for rapid mixing of barium 
chloride (BaCh) and odium sulphate (Na2S04) 
Barium sulphate (BaS04) formed by rapid mixing was also analysed by dynamic light 
scattering (DLS) (Figure 3.23). The 1: 1 barium chloride (BaCh) to sodium ulphate 
(Na2S04) ratio howed two peak, the first one corre ponds to particle ize diameter of 
43.4 and 54.8 nm. According to TEM this i the ize of individual patticle rather than 
aggregated ones. However, BaS04 formed from 1:5 and I: 10 ratio howed particle ize 
115 
Chapter 3 Colloidal Barium Su.lphate 
of 278 and 340 nm respectively, which are most probably due to aggregation (Figure 
3.22). 
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Figure 3.23 Dynamic light scattering (DLS) of barium sulphate (BaS0 4) fo rmed by rapid 
mixing of BaCh and Na2S04 by 1: 1, 1:5 and 1: 10 ratio 
3.3.3 Barium sulphate (BaS04) crystallisation in the presence of 
phosphino poly (carboxylic acid) 
This method was considered as a chemical squeeze inhibition method or squeeze 
treatment [98] . The known inhibitors have to be used at a high concentration due to the 
effect of acidic barium formation water and the total di solved solid in the water (above 
30,000 ppm) which influence the performance of the cale inhibitor. Thus a more efficient 
inhibitor with severe scaling conditions was needed like phophino poly (carboxylic acids) 
[131]. Therefore in this work thi method was the one u ed to prevent scaling. Phosphino 
poly (carboxylic acid) PPCA is a common commercial scale inhibitor used in the oil and 
gas industry. It is a polymer formed by two poly acrylic acid group connected by a 
phosphorus group, as shown in Figure 3.24 [132] . Pho phino poly carboxyli c acid 
(PPCA) used in thi s work are: BELLASOL S50, ML-3263, D2086 and D2060S. Barium 
sulphate (BaS04) inhibited by Bella 01 S50 (sulphonated carboxylic acid based polymer). 
Barium sulphate (BaS04) in PPCA was prepared by mixing addi ng BaCl2 to PPCA prior 
the addition of Na2S04. Sample for TEM analysis were prepared by applying a few 
drops in a holey carbon grid. They were allowed to dry then rinsed with water to remove 
the sodium chloride particle. The ize of BaS04 particle formed after addition of 
phosphino carboxylic inhibitors wa found to be approximately 315-600 nm (Table 3.7), 
which are larger than the colloidal BaS04 particles prepared by rapid mixing or tubular 
reactor (Figure 3.19 and 3.22). Tran mi sion electron microscope (TEM) images of the 
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size and morphology of the BaS04 particle inhibited by Bella 01 SSO are shown in 
Figure 3.2S. The morphology of BaS04 inhibited by Bellasol SSO wa found to be 
nanofilaments-bundle (broom-stick like), the size of which are listed in Table 3.10. 
Brush-like and cone hape BaS04 morphologie have been previously reported In 
polyacrylate solution at RT [126]. The report explained that the formation of 
nanofilaments is a re u1t of the transformation of amorphou nanoparticles that are 
present in the colloidal aggregate . Amorphou BaS04 nanoparticle forming aggregates 
were also found in TEM images of BaS04 inhibited by Bella 01 SSO (Figure 3.2S c and 
d). Formation of BaS04 fibres have been reported since 1990 by Bra e [133] who 
conditioned the fibre formation by high concentration of Ba2+ (0.4 mM). However 
Bellasol inhibited BaS04 produced were in high Ba2+ (2.3 mM) concentration . Later 
Benton et al. [105] have reported the formation of BaS04 nanofibres by rapid mixing of 
brine solutions containing Ba2+ and SO/- ions at 368 K using a copolymer a a cry tal 
growth modifier, he found that the size and arrangement of the fibre depended on the 
solution pH, they have reported that their fibres grows at pH 6 while BaS04 fibre 
produced in this work were formed at pH 3.8. 
OH O~ o~ OH ~ o 
H 
Figure 3.24 Chemical tructure of the Polyphosphino carboxylic acid inhibitor [132] 
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Table 3.9 Phosphinocarboxylic - modified crystallisation of barium ulphate (BaS0 4) 
nanoparticles and their sizes by dynamic light scattering (DLS) 
Phosphinocarbox- Amount of Amount of phophino Amount of BaS04 Size of 
yJieacid BaCh (2.3 poly (carboxylic NaZS04(2.3 formed BaS04 
roM) (emJ ) acid) (2.3 mM) (em3) mM) (em3) (nm) 
BELLASOL S50 100 25 100 Suspension 594 
ML-3263 100 25 100 LI pension 390 
D2086 100 25 100 Su pension 315 
D2060S 100 25 100 SusQen ion 479 
a b 
- "-
c d 
Figure 3.25 Transmission electron microscope (TEM) of barium sulphate (BaS04) 
inhibited by Bellasol S50 a, b) nanofilaments cone-like, c and d) Amorphou Ize 
(174x293- 270x326 nm) 
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Table 3.10 Sizes of barium sulphate (BaS04) nanofilaments analysed by transmission 
electron microscope (TEM) 
-=~--~~~~--~~~-==-------Shape of BaS04 Length (nm) Width (nm) 
Brush 2500 630 
Stick 2080 100 
The mechanism of the nanofilaments formation have been explained previously in the 
literature [134]-[135]; first the polymer stabilizes amorphous particles (stage I, Figure 
3.26) that aggregate into colloidal clusters (stage 2, Figure 3.26) presumably due to 
intermolecular interactions and stage 3 (Figure 3.26) is the crystallisation of BaS04 
nanoparticles. Simultaneously, the carboxylic group absorb selectively to positively 
charged crystal faces. Stage 4 (Figure 3.26) is a prediction of formation of an electrostatic 
multiple field (due to the presence of different charges on various faces as well as 
different shielding factors) which directs the aggregation of crystalline BaS04 along one 
principle axis producing nanofilaments (stages 5 and 6 Figure 3.26). 
Interestingly, the width of produced BaS04 nanofilaments in this work were found to be 
similar (Figure 3.25 a and b). This explains that their thickness is controlled at the initial 
stages of crystallisation and that the side faces are blocked from growth by polymer 
adsorption [134]. 
jp 
OIl1i,;;g fI< XI 
2 3 4 5 6 
Figure 3.26 Diagram of predicted nucleation and growth of barium sulphate (BaS04) 
nanofilaments [134] 
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3.3.4 Conclusions 
The main aim of this Chapter was reproducing barium sulphate (BaS04) nanoribbons 
formed by aggregation of tiny BaS04 nanoparticles. BaS04 nanoparticles formation by 
rapid mixing was compared to BaS04 nanoparticles formed using a turbular reactor. The 
reactor was found to be as an organizer for the growth process in addition to its higher 
efficiency. BaS04 nanoparticles formed by rapid mixing were found to be larger in size 
than those formed by the reactor (10-90 nm in the former and> 1 up to 50 nm in the latter) 
(see Figures 3.19 and 3.22). These particles were found to aggregate in both cases (rapid 
mixing and tubular mixing) forming nanoribbons in the former and dendrite-like 
aggregates in the latter) (see Figures 3.19 and 3.22). It was found that the ratio EtOH:H20 
affects the particle size (the higher the rate the smaller are the particles). BaS04 formed 
by the tubular reactor was found to be smaller in size. The particle size of BaS04 
nanoparticles was found to be affected by the ratio of BaS04:Na2S04 (small particles 
were found to form in excess of Na2S04 solution) (see Figures 3.21 and 3.23) . 
This work also included the formation of BaS04 crystals inhibited by phospino carboxylic 
acid. Although 4 different types were used, only one (Bellasol S50) showed particles 
under the TEM (see Figure 3.25). The particles were found to aggregate forming very 
long nanofilaments having a brush-like structure which length extents up to 2.5 ~m. 
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Chapter 4 
4Barium Sulphate Microemulsions 
This chapter demonstrate the econd method u ed to synthesise barium ulphate (BaS0 4) 
nanoparticles using a microemulsion route. 
4.1 Introduction 
Prince published the first book on microemul ion in 1977 [137]. Prince identifie 
microemulsions as having droplet diameter in the range of 10-200 nm (and micellar 
solutions as having aggregates diameters less than 10 nm). 
Microemulsions are generally defined as tran parent or tran lucent stable mixtures of oil, 
water and surfactant; where the aqueous nanodroplet are surrounded by a monolayer of 
surfactant molecules with a typical droplet ize of 5-100 nm. Becau e of the dynamic 
nature of those nanodroplets in the microemulsion, very quick exchange take place 
between these droplet . In other words the perfect geometry of the water droplet lead to 
a very homogeneous mixing of two reactants. Consider two reactants A and B di ssolved 
in the aqueous nanodroplets of two identical microemulsions. The fa t exchange 
mechanism, which involve fu ion and fission of the nanodroplet , will lead to a chemical 
reaction followed by high upersaturation , nucleation and growth of the palticle (Figure 
4.1) [138]. 
~A r + .~ r ., ~_ru.on ~~_ ~- fission 
Figure 4.1 Nanoparticle formation in aqueous microemul ion droplet in oil [138] 
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In the same context, Adityawarman et al. [138] reported that the microemul ion droplet 
sizes were usually smaller than the average size of particles produced. This was attributed 
to the low interfacial elasticity between the water core and the oil pha e. 
Microemulsions are stabilized by a surfactant (or a urfactant and a co- urfactant (u ually 
alcohol) mixture [139]. A surfactant is a bi-functional molecule po se ing a polar 
(hydrophilic) and a non-polar (lypophilic) region, these molecu les arrange themselve in 
a way to form a micelle or a reverse-micelle. A micelle i formed by pointing the 
lypophilic tails of the surfactant towards the inside and the hydrophilic ones towards the 
outside, forming an oil-in-water (OfW) microemulsion (Figure 4.2 a) . While a reverse 
micelle is formed by the hydrophilic group pointing toward the inside and the lypophilic 
ones towards the outside (Figure 4.2 b) . 
a b 
Figure 4.2 a) Micelle (OfW) and b) Reverse micelle (W/O) 
Eastoe [140] ha reported that microemulsion formation depends on surfactant type and 
structure. If the surfactant i ionic and contain a ingle hydrocarbon chain (e.g. sodium 
dodecylsulphate, SDS), microemulsions are only formed if a co-surfactant (e.g. a medium 
size aliphatic alcohol) and/or electrolyte (e.g. NaCI 0.2 M) are al 0 present. While, with 
double chain ionic (e.g. Aero ol.OT) (and orne non-ionic surfactants) a co- urfactant is 
not necessary. This result from one of the most fundamental properties of 
microemulsions. That i , an ultra-low interfacial tension between the oil and the water 
pha es, Y olw. The main role of the surfactant is to reduce Y olw sufficiently (i.e. lowering the 
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energy required to increase the interfacial area) 0 that spontaneous dispersion of water or 
oil droplets occurs and the system is thermodynamically stable. To explain stability, 
consider a subdivision of the dispersed phase into very small droplets. The 
configurational entropy change, 6Sconf, can be approximately expressed by equation (4.1) 
I1S con! = nk B [In ¢ + {(1- ¢) / ¢} In(1- ¢)] (4.1 ) 
In equation 4.1, n is the number of droplets of the dispersed phase, k8 Boltzmann con tant 
and <l> dispersed phase volume fraction. The a ociated Gibbs energy change can be 
expressed as a sum of the free/energy for creating a new area of interface, MYI2, and the 
configurational entropy in equation (4.2) 
AG -My -T6S Ll form - 12 conf (4.2) 
In equation 4.2, M is the change in interfacial area A (equal to 4m2 per pherical droplets 
of radius r) and YI2 is the interfacial tension between pha es 1 and 2 (e.g. oil and water) at 
temperature T (K). Substituting equation 4.1 into 4.2 gives an expression for obtaining the 
maximum interfacial tension between 1 and 2. On di persion, the droplet number 
increa es and 6Sconf is po itive. Reducing the interfacial tension to a ufficiently low 
value by the surfactant addition, the energy term in equation 4.2 (MYI2) will be relatively 
small and positive, allowing a negative energy change and hence pontaneous 
microemulsification [140]. 
Bartscherer et al. [141] reported the phase behaviour of microemul ions in ternary water-
oil-amphiphi1e mixture published by Winsor in 1948 [142]. In their review they have 
used the word amphiphile for urfactant (surface active agent).They reported that Winsor 
distinguishes among four general types of pha e behaviour, which are schematically 
represented in Figure 4.3. 
Winsor I Winsor II Winsor m Winsor IV 
Figure 4.3 Winsor's microemulsion clas ification [14l] 
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Classification of microemulsions according to Winsor: 
~ One-phase systems (type (IV» in which oil, water and surfactant are mutually 
solubilised; in other words it contains no free oil or free water [142]. 
~ Two-phase systems (types (I) and (II» (Figure 4.3). In type (I) (direct) 
micelles are in water in equilibrium with an oil phase. In type (II) reverse 
micelles are in oil in equilibrium with an aqueous phase [141]. 
~ Three-phase systems (type (III» in which most of the surfactant is in the 
middle phase, in equilibrium with an upper organic and a lower aqueous phase 
[142]. 
Although Bourrel and Schechter [143] have reported that in some particular systems 
Winsor's classification does not apply, this classification still remains an important tool 
for the description of amphiphilic aggregation in multi component systems. 
Bancroft [144] has developed a rule describing the type of emulsion that could be 
stabilized by a given surfactant. He stated that "the phase in which the emulsifier is most 
soluble forms the continuous phase of an emulsion. That means a water-soluble surfactant 
stabilizes W/O emulsions and oil-soluble surfactants stabilizes O/W emulsions" [144]. 
Eastoe reported in Cosgrove's [140] book "Colloidal Science" that surfactants are organic 
molecules that when dissolved in a solvent at low concentration have the ability to adsorb 
at interfaces. Eastoe reported that the term 'interface' describes the boundary in 
liquid/liquid, . solid/liquid and gaslliquid systems. Eastoe attributed the adsorption 
behaviour to the solvent nature and the chemical structure of the surfactant that combines 
a polar and a non-polar group (amphiphilic) group into a single molecule. Because of this 
dual nature, these amphiphiles assemble at the interface, so that their lyophobic moiety 
stays away from strong solvent interactions, with the lyophilic part remaining in solution. 
Accumulation of those amphiphilc groups in the interface results in a decrease in the 
interfacial tension. The structure of head and tail groups of the surfactants varies. The 
head group can be charged or neutral, small and compact in size or a polymeric chain. 
The tail is usually a hydrocarbon chain, but may also be a fluorocarbon, a siloxane, or 
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contains aromatic group(s). Tables 4.1 and 4.2 illustrate some of the common hydrophilic 
and hydrophobic groups respectively. available in commercial surfactants [140]. 
Table 4.1 Common hydrophilic groups commercially available surfactants [140] 
Class General structure 
Sulfonate R-S03"M+ 
Sulphate R-OS03"M+ 
Carboxylate R-COO"M+ 
Phosphate R-OP03"M+ 
Table 4.2 Common hydrophobic groups in commercially available surfactants [140] 
Group General Structure n value 
Natural fatty acids 12-18 
Olefins 7-17 
Fluorocarbons 4-8 linear or 
branched or H terminated 
Eastoe's classification of surfactants is based on the head group, because this hydrophilic 
part achieves its solubility either by ionic interactions or by hydrogen bonding. Therefore 
surfactants are divided into four types: 
> Anionic and cationic, (which dissociate in H20 into two oppositely charged 
species (the surfactant ion and its counterion). 
> non-ionics (which includes highly polar (non-charged) moiety, example 
polyoxyethylene groups (-OCH2CH20-) or polyol groups). 
> Zwitterionics (amphoterics) (which combines both a negative and positive charged 
groups). 
After knowing the role of surfactants in microemulsions and their classification, one 
should discuss some surfactants and their uses in BaS04 preparation and scaling. 
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The use of surfactants to reduce scale formation was reported by Sun and SkOld [145], 
who considered the effect of polyacrylamide (non-ionic) to reduce the turbidity of BaS04 
suspension by using a multiparameter scanning instrument (light scattering (turbidity», 
conductivity and pH). They have reported: 
~ BaS04 particles tend to agglomerate at above 323 K in the absence of a 
dispersant; (while in the presence of the non-ionic surfactant (PAM) high 
temperature agglomeration does not occur) and 
~ The onset of nucleation and crystal growth was determined at 1.5 mM of Ba2+ in 
the presence of PAM 2 % and S042- (10 mM). 
On the other hand Peters et al. [146] reported the use of TX-IOO (polyethylene glycol 
p(1,1,3,3-tetramethylbutyl)-phenyl ether) (non-ionic surfactant) in the preparation of 
BaS04 monodisperse sols. They reported that the particle size increased gradually with 
time t and reached an almost constant value after about 60 min. At 80 min the process of 
aggregation took place. They then published another paper [147] after leaving the BaS04 
sols for two years and six months. They found elliptically-shaped, monodispersed BaS04 
particles with a sponge-like internal structure. Qi et al. [148] synthesised spherical and 
cubic BaS04 nanoparticles with water-in-oil microemulsions using Triton x-too/n-
hexanollcyclohexane/water by mixing two separately prepared microemulsions 
containing (~)2S04 and Ba(OAch. Hopwood and Mann et al. [149] have used the 
anionic surfactant AOT (sodium bis-2-ethylhexyl sulfosuccinate) to form inorganic 
BaS04 nanoparticles by forming reverse micelle and microemulsion. Later they 
synthesised filamentous BaS04 by reacting Ba(AOTh reverse micelles with NaAOT 
. I 
microemulsion droplets containing Na2S04 at w=lO and [Ba2+]:[SOi-] molar ratio ::= 5:1. 
Their data showing the mechanism of BaS04 nanofilaments formation involved: 
formation of surfactant-encapsulated BaS04 nanoparticles, followed by their internal 
reorganisation internally into an array of co-aligned crystalline filaments [150]. 
BaS04 nanoparticles in microemulsions with polymerised shell have also been made by 
Summers et al.[1511, who reported that since AOT (W/O microemulsions) were stabilised 
by weak van der Waals forces, direct templating is difficult to achieve. In addition to the 
fact that the resulting particles were much larger in size than the initial droplets. They 
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considered forming microemulsion films, which were composed of partially polymerised 
surfactant (surfmer) mixtures which enclose nm-sized aqueous reaction domains (Figure 
4.4). They attributed this to the covalently-linked surfactant molecules in the film that 
gave rise to improved templating effects, compared to the unpolymerised surfactants. 
Summers et al. [152] reported before that replacing surfmer (b) (see below) with surfmer 
(a) (see below) in a mixture induced a more planar film. This widened the microemulsion 
phase region, thereby increasing the maximum H20 content and the droplet radius. They 
concluded that by varying the composition of the surfmer mixture they managed to 
produce a series of spherical nanoreactors of varying size. 
0 
-H3C Br oAy~ \ + (a) Hc-N 3 I 
C~ 
0 
Br oJY~ H3C, + /N 
H3C CH3 (b) 
Figure 4.4 a) (11-methacryloyloxyl)undecyldimethyl ammonium bromide, b) (11-
methacryloyloxyl)didecyldimethyl ammonium bromide [151] 
Sodium bis-2-ethylhexylsulfosuccinate (AOT) has been used in a different context by 
Shin et al. [153] to remove lysozome from an aqueous phase via reverse micellar 
extraction and precipitation was observed. This white precipitate was formed at the 
aqueous-organic interface. This result suggested that AOT could be used as a 
precipitating ligand. 
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Didodecyldimethyl ammonium bromide (DDAB) and poly(oxyethylene-4-dodecyl ether 
(CI2E04) have also been used (as other kinds of cationic and non-ionic surfactants) by 
Hopwood and Mann et al. [149] as organised reaction microenvironments for BaS04 
precipitation. They formed reverse micelle microemulsions. DDAB have formed rhombic 
crystals of barite, approximately 200 nm in size, while C I2E04 formed 5-7 nm BaS04 
nanocrystals and tabular shaped barite crystal up to 400 nm in size were formed. DDAB 
was used as a cationic surfactant in this work; this is a double chain surfactant. DDAB 
has peculiar geometric features in section 4.2 (Table 4.4» and it was chosen a a module 
molecule to investigate phase behaviour, especially water in oil microemulsion [154]. 
Because of DDAB's insolubility in either oil or water it resides at the polar-apolar 
interface [155]. 
Generally the use of DDAB and C I2E04 as surfactants for BaS04 preparation has been 
hardly investigated as compared to AOT. Other non-ionic surfactants reported in this 
work are sucrose ester (Figure 4.5) emulsifiers (that consist of a hydrophilic sugar (head) 
and one or more lipophilic fatty acid (tails». The degree of esterification (mono, di or tri) 
determines if the SE is either hydrophilic or lipophilic. The mono-ester i a ucrose e ter 
that combines 1 mol of fatty acid with 1 mol of sucrose. The di-e ter has 2 moles of fatty 
acid. The tri-ester has 3 moles of fatty acid. 
RCOOCH , 
o HHO~H~ 0 H 
H H HO 
1--.... 0 CH zOH 
H OH OH H 
Figure 4.5 Sucrose mono-ester [156]. R= alkyl group 
The nature of emulsifier's hydrophilicity or lipophilicity depends on the HLB 
(hydrophilic lipophilic balance) [157] value. Table 4.3 illustrates the physical propeltie 
of the sucrose ester emulsifiers and their hydrophilicity and lipophilicity [157]-[ 158]. 
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Surfactants generally have been classified according to their behaviour and their solubility 
in water. This method has been called the HLB value (hydrophile-lipophile balance). This 
name is based on the suggestion that all surfactants combine hydrophilic and lipophilic 
groups in one molecule. The importance of HLB value lies on the fact that it allows one 
to predict the action that may be expected from a surfactant (for example a low HLB 
value (4) will be water in oil emulsifier and a high one (16) will be a solubilizer [157]-
[158]. 
Table 4.3 Physical properties of sucrose ester emulsifiers [157]-[158] 
Property Hydrophilic Lipophilic 
HLB value High (8-16) Low (3, 5-6) 
Solubility Partially dissolves in water Partially dissolves in oil 
Kind of emulsifier O/w emulsifier WIO emulsifier 
Fatty acid chain length short long 
Esterification monoester others 
Youan et al. [156] reported that sucrose esters are surfactants with potential 
pharmaceutical applications because of their low toxicity, biocompatibility and excellent 
biodegradability. They have investigated sucrose esters as alternative surfactants in 
stabilizing emulsions for the preparation of protein-loaded microparticles. They have 
concluded that sucrose esters of HLB 6-15 were found to be most effective at a 
concentration of 0.05 % wt/vol (20-200 times less than other approved surfactants). While 
Donnelly and Lock [159] reported that sucrose esters have potential applications in 
enhancing oil recovery, due to their excellent surfactant properties. 
There are some important surfactant and microemulison parameters that should be 
considered: critical micelle concentration (CMC), cloud point, phase inversion 
temperature (PIT), co-surfactant (usually alcohol) and microemulsion conductivity. 
Micellization is observed in surfactant solutions, when the concentration exceeds the 
CMC, where the physico-chemical properties of the aqueous solution change abruptly. 
129 
Chapter 4 Barium Sulphate Microemulsions 
The value of CMC depends on the molecular structure of surfactants, presence of 
additives and temperature [160]. Below the CMC of the surfactant, its molecules are 
dispersed predominantly as monomers, but once CMC is exceeded any additional 
surfactant molecules form micelles and the monomer concentration remains constant 
[144]. The cloud point is the temperature above which, if the microemulsion is heated it 
will become turbid. This is due to the fact that the surfactant molecules aggregate with 
raising temperature. Given that is because the hydrophilic head groups become 
dehydrated at high temperature. The aggregates produced at this point are large enough to 
scatter light, and so the solution appears turbid. Above the cloud point temperature, the 
aggregates grow so large that they sediment under the influence of gravity and form a 
separate phase [144]. The temperature at which the microemulsion stability changes, is 
called 'phase inversion temperature' (PIT). Shinoda and Arai [161] have studied the 
correlation between PIT and cloud point in solutions of non-ionic emulsifiers. They 
reported an advanced model in which they proposed a relationship between the cloud-
point in solution of non-ionic agent to the PIT in emulsion. These authors [161) have 
determined PITs in different hydrocarbons-water emulsions stabilized with 
polyoxyethylenealkyl phenyl ether as a function of emulsifier concentration. They found 
that the more soluble the non-ionic emulsifier the lower is the PIT above which OIW type 
emulsions inverts to W/O type. They have attributed the change in the state of the 
solution above the cloud point to a surfactant-rich phase containing dissolved water 
separates where the non-ionic detergent (D) mixes with water (W) forming the WID type. 
Simultaneously the detergent-rich phase dissolves into water as micelles below the cloud 
point. Similarly phase inversion on micelles takes place in a surfactant solution near the 
cloud point and the solution inverts to the DIW type [161]. 
One of the key methods for the study of microemulsions is the measurement of electrical 
conductivity [162]-[163]. Conductivity of W/O microemulsions has been reported by 
Eicke et al. [163], who presented a model for electrical conductivity. Here conductivity 
was defined as the migration of charged aqueous droplets in the electric field. They 
attributed the charges in the droplets to the spontaneous number of fluctuations of the ions 
residing in the droplets. They related the amount of these fluctuations to the coulomb 
energy that is required to charge a droplet. They defined microemulsions as isotropic and 
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homogeneous on a macroscopic scale, but heterogeneous on a molecular scale (as they 
are divided into water and oil domains which are separated by a surfactant monolayer). 
According to them the conductivity of WIO microemulsions shows quite a remarkable 
change over many orders of magnitude. Lagourette [164] reported that H20 content and 
conductivity are directly proportional, in other words at high water content (usually above 
20 %) the conductivity is comparable to that of electrolyte solutions (105-106 mS)) and 
decreased linearly with decreasing the volume fraction of H20. This hi gh conductivity of 
W/O microemulsions has also been ascribed to the fact that the nanodroplets carry 
negative or positive excess charges, whose migration in an electric field will cause a finite 
conductivity (Figure 4.6) [163]. 
Figure 4.6 Aqueous microemulsion nanodroplet in oil [163] 
4.2 Experimental 
The aim of this part of work is producing tiny barium sulphate (BaS04) usmg a 
microemulsion route. 
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4.2.1 Synthesis of BaS04 microemulsion using AOT, DDAB and C12E0 4 
as surfactants 
Table 4.4 illustrates the surfactants used in this work, names, type, chem ical form ula and 
chemical structure. 
Table 4.4 Surfactants used in this work 
Name of Surfactant Kind of Chemical Structure 
surfactant formula 
~ o 0 II II - + 
sod ium bis-2-ethylhexyl Anionic C20H37 a0 7S ):)i~ ~ 
sulfosuccinate (AOT) II 0 
didodecyldi methyl-ammoni um Cationic 
bromide (DDAB) C26Hs6BrN 
H3C-(CH2),o-W -(CH2)1 0Br' 
poly oxyethylene-4- dodecyl Nonionic 
ether(Brij 30) C I2E04 /V'VV'V'-1o"fH 
polyethylene glycol p(l , I,3,3- Nonionic 
tetramethylbutyl)- CI4H220 (C2H40 ). ~O-[Cf\r-C_O l xli 
phenylether (TX I 00) 
HLB 2, 6 
sucrose esters onionic Lypophi lic stearate/pal mi tate 
nature 
HLB 11, 16 
sucro e e ters on ionic Hydrophil ic stearate/palmitate 
nature 
Aqueous solutions of BaCh 0.25 cm30f 0.01 M (2.4 g/dm3) and Na2S0 40.25 cm3 of 0.0 1 
M (1.42 gldm3) were added drop-wise separately to AOT 2 em3 O. L M (45 g/dm 3 in 
isooctane) each under vigorou tirring. The two microemulsion were combined to form 
BaS04 microemul ion. BaS04 in DDAB/dodecane/water and C 12EOJ decane/water 
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microemulsions were prepared as described for AOT. The surfactant concentration used 
was 46.3 gldm3 in dodecane for DDAB and 36.3 gldm3 in decane for C12E04 surfactant. 
Similarly a microemulsion of BaS04 was prepared using varied concentrations of AOT, 
DDAB and C12E04 (Table 4.5). 
Table 4.5 Variable weights of surfactants used 
Surfactant (g/10 cmJ solvent) -+ AOT DDAB CllE04 
Molarity (M) ( isoctane) (g) (n-Dodecane) (g) (Decane) (g) 
1.6 7.410 
1 4.445 4.630 
0.5 2.223 2.313 
0.38 1.37 
0.25 1.111 1.157 
0.1 0.445 0.463 0.363 
To determine the exact amount of water that induces phase separation, water was added 
drop-wise to the surfactants in oil mixtures (amounts added are recorded in Table 4.6). 
The amount of water added to oil was not more than 0.25 cm3• W ([water] I [surfactant] 
molar ratio) values are shown in section 4.3.1. 
Table 4.6 Variable concentrations of HLB 2 used to form the BaS04 microemulsion 
HLB2 Cone.· (gldm'J) Volume of BaCI1 Volume of NalS04 Volume xylene and 
(cml) (cm~ Propanol (cm~ 
50 0.03 0.03 10 
100 0.06 0.06 10 
200 0.15 0.15 10 
400 0.2 0.2 10 
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4.2.2 Synthesis of barium sulphate microemulsion using sucrose esters 
The solubility of the sucrose esters (HLB 2, HLB 6, HLB 15, HLBI6) in oil was 
measured using isooetane, dodeeane and decane. BaS04 in HLB2/xylene/propanol was 
prepared using 0.02 em3 of each BaCh solution (O.OIM, 2.4 g/dm3) and the NaS04 
solution was added drop wise to SE HLB 2 3 em3 was dissolved in 10 gldm3 in xylene 
separately. The initial suspension was transformed to a transparent microemulsion by 
adding 2-propanol 2 cm3 to each emulsion. The method was repeated using different HLB 
values 6,15 and 16. Butyl benzene was used as an alternative solvent to xylene using 2-
propanaol as a co-surfactant. The microemulsion formed showed instability at 298 K 
4.2.3 Synthesis of BaS04 nanoparticles in TXIOO 
An aqueous solution of BaCh (0.1 em3, 0.1 M, 24.4 g/dm3) was added dropwise to 
TXl00 (5 em3, 0.2 M, 387.6 gldm3) (in cyclohexane and 2-methyl-2-propanoI1O:1 ratio). 
An aqueous solution of Na2S04 (0.1 em3, 0.1 M, 14.2 gldm3) was added dropwise to 
another TXl00 5 cm3 of 0.2 M in cyclohexane and 2-methyl-2-propanol (10:1). 
4.2.4 Phase inversion temperature (PIT) 
The cloud point is determined from changes in the microemulsion temperature. Thus 
BaS04 microemulsion was placed in an ice bath (248 K) at which the cloud point was 
visually determined. Two phases were formed, their densities were measured (weighing a 
known volume) and the water content was determined using the following methodology 
~ Karl Fischer; 0.5 % standard of water in acetonitrile (50 J.ldm3 in 10 cm3 dry 
acetonitrile) was prepared. Water content was found to be 0.7 % 
~ IR by placing each of the top and bottom layers in a Sapphire plate 
4.2.5 Determination of water content using fractional distillation 
BaS04 in a TXlOO microemulsion was distilled at 363 K at which cyclohexane was 
collected. The remaining water mixture of BaS04 and TXlOO in water were analysed by 
atomic absorption. 
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4.2.6 Freeze drying 
Freeze-drying process is a controllable method of dehydrating labile materials by 
desiccation under vacuum. It is believed to achieve a better stability compared with other 
methods (evaporation and fractional distillation). BaS04 TXlOO and C12E04 
microemulsions in cyclohexane and 2-M-2-P were frozen for 5 hours and then placed 
under vacuum at 248 K. 
4.2.7 Doping of Mgl+, Srl+, Ca1+ in BaS04 TXI00 microemulsion 
An aqueous solution of MgCh (0.01 cm3• 0.1 M. 40.662 g/dm3) was added to TXl00 (10 
cm3• 0.2 M. 387.6 gldm3) (in cyclohexane and 2-methyl-2-propanol 10:1 ratio) followed 
by addition of an aqueous solution of BaCh (0.19 cm3• 0.1 M. 24.4 gldm3). To another 10 
cm3 of TX100 0.2 M in cyclohexane and 2-methyl-2-propanol (10:1) Na2S04 (0.19 cm3• 
0.1 M. 14.2 gldm3) solution was added dropwise. Two vials contents were mixed. 
4.3 Results and Discussion 
4.3.1 Barium sulphate (BaS04) microemulsions using sodium bis-2-
ethylhexylsulfosuccinate (AOT), didodecyldimethylammonium 
bromide (DDAB) and polyoxyethylene-4-dodecyl ether 
(C12E04) 
Sodium bis-2-ethylhexylsulfosuccinate (AOT). didodecyldimethylammonium bromide 
(DDAB) and polyoxyethylene-4-dodecyl ether (C12E04) were used as cationic. anionic 
and non-ionic surfactants respectively. Several surfactants concentrations (1.6 M. 1 M. 
0.5 M. 0.38 M. 0.25 M and 0.1 M) (Table 4.4) were prepared and used in the synthesis of 
the microemulsion; AOT and DDAB 0.1 M. 0.5 M. 0.25 M and 1 M. in addition to 
DDAB 1.6 M. while only two microemulsions of C12E04 at 0.38 M and 0.1 M 
concentrations were prepared Table 4.7). AOT was dissolved in isooctane hydrocarbon, 
DDAB and C12E04 were dissolved in dodecane and decane respectively. BaS04 
microemulsions prepared with both different surfactant concentrations and water 
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molarity. The molar ratio of water:surfactant is referred to as W value. Table 4.7 shows 
the surfactants concentrations used and W values for the AOT. DDAB and C12E04. 
Barium sulphate (BaS04) can be produced in a microemulsion generated by mixing two 
different microemulsions (containing BaCh and Na2S04) (Figure 4.7). 
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Figure 4.7 Formation of barium sulphate (BaS04) in a microemulsion 
Table 4.7 illustrates the surfactant (AOT, DDAB and C I2E04) concentration and W 
values for each surfactant. The water content which just form the mo t stable 
microemulsion with each surfactant was also included, in addition to the amount of BaCl2 
and Na2S04 aqueous solutions which forms the BaS04 microemulsion. 
It is quite obvious from Table 4.7 that the surfactant tabilized microemul ion uptake 
more free water than salt oluble water (BaC12 and Na2S04), as increasing the alinity of 
the droplets affects the solubility of water in a surfactant stabilized microemulsion 
regardle s of the salt used [165]. It can also be noticed from the above table that the lower 
the W value, the lower is the water content, in other words W value is directly 
proportional to the water content. 
The microemulsion structure is determined by the curvature which i et by the balance 
between repulsive head group opposed by hydrocarbon chain repul ion enhanced by oil 
uptake in the surfactant phase [166]. The surfactant parameter ulal (u total hydrocarbon 
tail volume, a head group area in the lamellar pha e and I fully extended chain length) 
should be approximately equal to unity in order to form a three-component 
microemulsion system. DDAB has been used previou Iy as a model becau e it i a double 
chain surfactant and its surfactant parameter determined by X-ray mea urement was 
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found to be 0.82 [166]. It have been noticed that DDAB is sparingly soluble in both water 
and oil [166]. 
It was found that if the alkane chain length is much less than the surfactant chain length I, 
the oil penetrates strongly and swells the bilayer by up to a factor of 2 while the head 
group area remains constant and a reversed curvature was formed. On the other hand 
when the alkane chain length exceeds that of the surfactant, the bilayer does not swell 
[166]. 
According to the previous finding by Chen et al. [166] DDAB formed here have a 
surfactant parameter which is ~ I as it was dissolved in a long chain solvent (dodecane), 
therefore the curvature is supposed to be normal rather than reverse. It has been 
previously reported [167] that the smallest aggregates are produced when 1=lc; where I 
and Ie denote chain length of solvent and surfactant respectively. The case is similar for 
AOT and C12E04 which were both dissolved in isooctane and decane (long chain 
lengths). 
Barium sulphate (BaS04) microemulsions obtained were analysed using Transmission 
electron microscope (TEM), by applying two drops of the microemulsion in the TEM 
copper grid followed by rinsing with solvent and water to remove excess surfactant and 
NaCl respectively prior to drying (2 hat 298 K) the microemulsion sample in the carbon 
grid. 
Transmission electron microscope (TEM) micrographs of BaS04 formed in various 
transparent stable microemulsions were shown in Figure 4.8. AOT have formed BaS04 a) 
platelets (18-37 nm) which seems to aggregate longitudinally forming b) nanoribbons ~I 
11 m) (Figures 4.8 a and b), while DDAB have formed cylindrical BaS04 nanoparticles 
(11-60 nm in length and 7-26 nm width) (Figure 4.8 c) and finally C12E04 have formed 
BaS04 baguettes and thin platelets (25-60 nm) (Figure 4.8 d). AOT platelet aggregates 
produced nanoribbons or tape-like morphologies (Figure 4.8 b). 
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Interestingly Li and Mann [150J have reported the formation of AOT nanofilaments at 
313 K, while the ones produced in this work were formed at 298 K, Li and Mann also 
reported the formation of filamentous structure formed specifically when [Ba2+]:[SOl-] 
molar ratio is greater than I , while the BaS04 nanoribbons produced here were formed at 
[Ba2+J:[SOl-J molar ratio equal one. This result denies Li and Mann's explanation that 
the filament formation is due to the excess Ba2+ and that the primary BaS04 are positively 
charged. 
a 
c 
r .> 
",' 
, .. 
• 
• 
" 
b 
d 
Figure 4.8 Transmis ion electron microscope (TEM) of a) sodium bi -2-
ethylhexylsulfosuccinate (AOT) platelets, b) AOT nanoribbons, c) cylindrical BaS04 
with didodecyldimethylammonium bromide (DDAB) and d) baguettes and thin platelets 
with polyoxyethylene-4-dodecyl ether (C 12E04) 
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Hopwood and Mann [149] have explained that the filament formation is due to the 
presence of bulk exchangeable water molecules in the microemulsions (Figure 4.9) . They 
also assumed that fusion processes are irreversible. On the assumption that inorganic 
nucleation and irreversible micellar fusion are coincident, due to the fact that the former 
faster than the rate of di ociation, similar fusion between two spherical microemulsion 
droplets would result in a short cylindrical droplet which would contain available 
amorphous BaSOJsurfactant complex with water-rich domain. However, the stability of 
BaSOJAOT complex is due to the interaction between the Sulphonated head group and 
the inorganic phase. This is stronger than that involving Ba2+ and the polyether and the 
Br- head groups in C12E04 and DDAB respectively. Consequently, the barite nucleation 
might be blocked within the polar core. Although Hopwood and Mann [149] have 
reported elongated synthesising BaC03 in an AOT microemulsion, in addition to no 
elongated BaS04 in both DDAB and C1 2E04 were observed. Therefore they concluded 
that the elongation of BaS04 and BaC03 in AOT was due to the sulfonate groups in AOT. 
Figure 4.9 Proposed model for the formation of sodium bis-2-
ethylhexylsulfosuccinate (AOT) filament [149] 
On the other hand the droplet size of sodium bis-2-ethylhexylsulfosuccinate (AOT) in 
isooctane was measured in this work u ing DLS at 298 K and found to vary between 25-
30 nm (Figure 4.10). The size of BaS04 nanoparticles in the AOT microemulsion wa 
(also measured by DLS) wa compared to the droplet size of AOT. The e were found to 
vary between 3 and 5 nm (Figure 4.10). Hence BaS04 nanoparticles in AOT 
microemulsion were found to be ten times smaller (3 nm) than AOT alone (30 nm) 
(Figure 4.10). This finding prove that BaS04 nanoparticle were actually formed inside 
the droplet. 
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Within a similar context, Munshi et al. [168] have reported controlling the nanoparticles 
size inside a droplet by controlling the inter-droplet interaction and coalescence regulating 
rate in reverse micelles. Since barium chloride (BaCI2) and sodium sulphate (Na2S04) in 
this work are in aqueous solutions, they remain in the aqueous core of the micellar 
droplets; nucleation and growth processes then take place within these aqueous cores. 
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These reverse micelles work as nanoreactors for BaS04 nanoparticles . The loaded 
micellar droplets are in continuous Brownian motion and move irregularly and 
independently in the dispersing oil phase. They then coalesce due to interdroplet attractive 
interaction forming a "transient droplet dimer" (Figure 4.11 ) within which the aqueous 
material mixes. The coalescence rate is increased by increasing the attractive interdroplet 
interaction [168]. The average coalescence time for BaS04 nanoparticles to coale ce is 
very short becau e the exchange rate is very short in aqueous materials [168]. 
DDABlhydrocarbonlwater systems were studied versus slight salts addition. It was found 
that the addition of small quantities of the salt will not affect the head group area of the 
surfactant. Accordingly it can not affect the bulk water in the microemulsion. However a 
small change in the ionic composition of the aqueous phase clearly changes the 
microstructure [169]. 
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Figure 4.11 Secondary growth of nanoparticles in transient droplet dimmers [168] 
4.3.2 Barium sulphate (BaS04) microemulsions with Sucrose Esters 
Barium sulphate (BaS04) formed in sucrose ester (SE) microemul ions with using the 
following HLB values 2, 6, 11 and 16, this took place by dis olving the SEs in xylene at 
313 K, then 2-propanol was added as a co-surfactant followed by the dropwise addition of 
BaCh and Na2S04 aqueous solutions till a translucent microemulsion was formed. 
Thevenin has reported previously [170] that SE microemulsions can not be formed unle s 
a co-surfactant exists. They were found to affect the shape and the extent of 
rnicroemulsion regions. Short chain alcohols, which are expected to di sorder the 
interfacial film extended microemulsion zones by destabilizing the liquid crystalline 
phases. Propanol was found to give the most interesting results with SE microemulsions 
[170] . In addition the cosurfactant improves interfacial fluidity and mixing of reactants in 
different micropha es in quarternary fluids which in this ca e is the SE/xylene/propanol/ 
water microemulsion in this case [171]. 
Interestingly baguette particles (12-28x25-300 nm) of BaS04 in SE (HLB2) 
microemulsion were produced in this work (TEM micrograph Figure 4.12 a). While 
HLB6 (Figure 4.12 b) produced platelet-like particles (sizeI5-45 nm), HLB 11 (Figure 
4.l2 c) produced defined BaS04 nanorods (size 2 x 12.5 -50 xll nm) and HLB 16 
(Figure 4.l2 d) produced interconnected nanoparticles (size 8-30 nm). The baguette 
shaped BaS04 particles were attributed to the structure of the surfactant (HLB 2 in 
xylene). In other word comparing the two TEM micrographs of HBL 2 in xylene and 
BaS04 in HLB 2/xylene/propanollBaCI2 and Na2S04 aqueous solutions rnicroemulsion, it 
is found that the bare SE has an elongated or ellipsoidal structure (Figure 4.13). 
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Figure 4.12 Transmission electron microscope (TEM) of barium ulphate (BaS0 4) with 
sucrose esters (SE ) a) HLB 2, b) HLB 6, c) HLB 15 and d) HLB 16 
Figure 4.13 Transmi ion electron micro cope CTEM) of HLB 2 sucro e e ter 
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Black et al. [103] have previously reported a relationship between the morphology and 
surfactant structure with the chain length which supports the conclusion reached in this 
case. BaS04 stable microemulsion was formed when ethyl benzene was used as a solvent 
and 2-propanol as a co-surfactant. 
Conductivities of the prepared BaS04 microemulsions in 0.1 M surfactant concentration 
were measured using a Wayne-Kerr bridge (Automatic LCR 7330) (Table 4.8). The pH of 
microemulsions was also measured. Looking at Table 4.8 the pH of BaS04 
microemulsions with different surfactants lies in the same range between 6 and 7.1 or 
they vary from slightly acidic to neutral. DDAB and C12E04 shows slight acidity this may 
be due to the presence of bromide ion in DDAB. Since it has been reported before that the 
ionic strength of the solution does not affect the microemulsion conductivity [172], this 
might be some how true for this study as the conductivity of the non-ionic SE (HLB 
11)/xylene/propanoll water is slightly higher than the ionic AOT/isooctane water 
microemulsion. 
Table 4.8 Conductivities of microemulsions used in barium sulphate (BaS04) preparation 
Surfactant AOT C12E04 DDAB HLB2 HLB6 HLBll HLB16 
used 
pH 6.8 6 6 7 7.1 7 6.9 
Conductivity 
ImS 0.11 0.16 0.91 0.17 0.15 0.20 0.13 
A plot of BaS04 with sucrose esters (HLB 2, 6, 11 and 16)/xylene/propanollwater 
microemulsions was plotted against variable concentrations in gldm3 (Figure 4.14). It is 
clear from the graph that the higher the HLB value the higher is the conductivity. In 
addition to concentration of the sucrose ester directly proportional to conductivity, this 
result is logical as water content in the microemulsion increases with increasing surfactant 
concentration [164]. HLB 16 showed very high conductivity values compared to the rest 
of the sucrose esters. For example at 200 gldm3 concentration conductivity values of the 
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SE HLB 2, 6 and 11 varies between 0.2-1 mS, while HLB 16 shows 20.4 mS. It has been 
reported in the literature [173] that HLB 16 has a great affinity towards water due to its 
higher monoester content. Conductivity values support the fact that the microemulsions 
formed here are water in oil (W/O) a they have low conductivity (::::1-10 mS) [172]. 
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Figure 4.14 Conductivity ver u concentration of HLB 2,6, 11 and 16 
4.3.3 Microemulsion formation of Barium sulphate (BaS04) in 
HLB2 
A three phase diagram was plotted at a constant level of HLB 2 representing the BaS04 
microemulsion formation in xylene as a solvent and 2-propanol as a co-surfactant (Figure 
4.15). 
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Figure 4.15 Three-pha e diagram of barium ulphate (BaS04) in ucro e e ter HLB2 in 
xylene/water/propanol microemul ion 
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This phase diagram has been constructed by fixing the surfactant concentration and 
varying the xylene, alcohol and aqueous BaCh and Na2S04 concentrations. The system 
was found to be immiscible to the left of the tie-line. The co-surfactant has a strong 
influence on the shape and the extent of the microemulsion zones. This finding has been 
based on the fact that low molecular weight alcohols increase the relative affinity of non-
ionic surfactants for water [173]. 
4.3.4 Phase inversion temperature (PIT) 
The sudden change of an O/W microemulsion to W /0 one or vice versa is termed Phase 
Inversion [174]. PIT is the temperature at which the phase separates having the surfactant 
and oil in one phase and the particles in water and some oil in the other phase. The cloud 
point was determined at the phase inversion temperature. The cloud point for some 
BaS04 nanoparticles in SEs was determined at different concentrations. BaS04 SE (HLB 
2, 6, 11 and 16) microemulsions were cooled down to 268 K; the microemulsion became 
cloudy at different temperatures (Table 4.9). 
Table 4.9 Phase inversion temperature (PIT) for BaS04 in HLB 2, 6 and II 
microemulsions 
Surfactant conc" (gldm3) 10 50 100 200 400 
Cloud Points (K) 
HLB2 272 278 282 285 289 
HLB6 271 279 281 283 286 
HLB 11 271 275 277 279 280 
The phase inversion temperature (PIT) values in Table 4.9 seem to be in the range of 272-
289 K with all sucrose esters used in this work (HLB 2, 6, II and 16). However, PIT 
seems to be independent of the HLB value and it is found to be directly proportional to 
the concentration of the SESe All the sucrose esters used in this work are of a hydrophobic 
nature as they dissolve in oil rather than in water, sucrose poly fatty acid ester in nature 
and forms W/O microemulsions which have been proven before by their conductivity 
[173]. 
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Since very little amount of BaS04 nanoparticles produced in the previous microemulsions 
regardless of the surfactant used, the author thought about reusing the surfactants and this 
can only take place by separating the particles from the surfactant; i.e. the water phase 
with particles and the oil-phase with urfactant. 
4.3.5 Phase inversion temperature (PIT) of Barium sulphate (BaS0 4) in 
TX 100 microemulsion 
Since separation of particles from surfactants used previously failed (AOT, DDAB, C l2E4 
and SEs), another non-ionic surfactant Triton-X 100 (TXI00) was used. Formation of 
BaS04 in TX100 took place by mixing 8.2 % TX100 (dissolved in cyclohexane and 2-
methyl-2-propanol 82 % and 8.2 % respectively) and 1.6 % water (BaCh and Na2S04). 
The microemulsion was then cooled to 248 K and two layer were formed BaS04 
nanoparticles were found in the top layer (Figure 4.16). 
Figure 4.16 Transmi sion electron microscope (TEM) of BaS04 nanopalticle formed at 
the top layer after pha e inver ion temperature (PIT) (size 11-29 nm). 
Conductivities of BaS04-TXlOO microemulsion were measured before and after phase 
separation (Table 4.10). The conductivity of BaS04 in TX100 microemul ion wa found 
to be 3.1 mS before pha e eparation. After pha e separation, the top layer showed a 
dramatic drop in the conductivity compared to the bottom layer, which mean that the 
particle were formed in the oil phase (top layer). Den ities of two layers were measured 
(upper layer: 0.78 g/cm3; bottom layer: 0.84 g/cm\ Since the den ities of both 2-methyl-
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2-propanol and cyclohexane are 0.78 g/cm3, the water and surfactant were assumed to 
have been in the bottom layer. Fourier transform infra red spectra (FfIR) (Perkin Elmer 
2000) was used to determine each of the two phases. 
Table 4.10 Conductivities of barium sulphate (BaS04) in TXl 00 microemul ion 
BaS04 in TXIOO 
microemulsion 
Conductivity (mS) 
Density (glcm3) 
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Figure 4.17 Fourier transform infra red spectra (FfIR) spectra of top and bottom phases 
of BaS04 in TX 1 00 microemulsions (after phase inversion at 268 K) 
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Fourier transform infra red spectra (FfIR) showed that the intensity at 3400 cm-l H-O 
was 25 times higher in the lower than in the upper layer. There was a strong C-H bend at 
2922 - 2852 cm-l in both layers and another strong C-H bend at 1450 cm- l at the upper 
layer and a weak one in the bottom layer (i.e. it was 0.3 intensity ratio of the upper phase 
value (Figure 4.17». Weak peaks of TX-loo were found in the bottom layer at 1524 cm-1 
and 1512 cm-1 (Figure 4.17). IR showed the intensity (O-H) stretch at 3500 cm-1 where 
the intensity ratio is 0.23 top:bottom (more details in the paper published by the author in 
2006 in Appendix). 
4.3.6 Determination of water content in the top and bottom layers in 
BaS04 TXIOO microemulsion using Karl Fischer 
Karl Fischer was used to confirm that there is no water in the bottom layer of after phase 
separation in the BaS04 in TX-loo microemulsion system. Karl Fischer titration is a 
technique used to determine the amount of water using iodine and sulphide in presence of 
dry methanol according to the equation 4.3 [175]. 
(4.3) 
As the amount of iodine will be determined, the amount of water in the system must be 
known. Data collected agree with the fact that water is predominantly in the lower phase 
of the TXloo microemulsion after phase separation (Table 4.11). Acetonitrile containing 
0.5 % water was used as a standard. The experiment was repeated three times. 
Table 4.11 Percentage of water content in top and bottom layers of BaS04 in TX 1 00 
after PIT 
BaSO, in TXIOO Standard Top layer % Bottom layer % 
Water % 0.7' 0.4 7 
O.t 0.6 8 
.. 0.7· 0.3 7.3 
• Standard shows a 0.2 % error in Karl Fischer titration. 
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Although it is quite obvious from Table 4.11 that the standard water content is 0.2 % 
more, but the top layer shows some water content. This finding indicates that no complete 
separation took place there is still some water in the top layer which explains the 
formation of the nanoparticles there. The bottom layer shows 7 or 8 times as much water 
content than the top layer. 
4.3.7 Barium (Ba) content in BaS04 and TXIOO micro emulsion after 
fractional distillation using Atomic Absorption Spectrometry 
After succeeding in separating the BaS04 nanoparticles in the top layer, it is necessary to 
determine the content of barium. Atomic absorption spectrometry (AAS) was then 
considered to determine the barium content in BaS04 - TX100 microemulsion (after 
fractional distillation) and in BaS04 inhibited by D2068, in a 1: 1 mixture of BaCh and 
Na2S04 as a comparison method. Table 4.12 shows the initial Ba2+ concentration in each 
system, 50 ppm of BaS04 in each of: the TX 1 00 microemulsion top layer and 500 ppm of 
BaS04 in each of D2068 inhibited BaS04 and a mixture (1:1 BaCh:Na2S04 (0.1 M». 
Although the Ba concentration determined by AA was found to be nearly half of the 
initial BaS04 in TX100 microemulsion (top layer), the yield obtained is better than that of 
BaS04 inhibited by D2086 and a mixture (1: 1 BaCh:Na2S04 (0.1 M» (Table 4.12). It can 
be concluded that the percentage of the remaining barium in the bottom layer of BaS04-
TXlOO microemulsion is much higher (52 %) than that remaining in D2086 inhibited 
BaS04 and BaS04 mixture (1:1 BaCh:Na2S0 4(0.1 M», 4.2 % and 0.6 % respectively. 
Table 4.12 Ba content in BaS04 using Atomic absorption spectrometry 
Ba ·TXlOO BaS04 BaS04 
Ba2+ Species (top layer) (BaCh+K2S04) (BaCh +K2S04)-D2068 
Cone. in ppm 24 21 0.32 
Initial [Ba2+) 50 500 500 
f .. B 2+ %0 remammg a 48 4.2 0.06 
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4.3.8 Determination of water content by Gas Chromatography-Mass 
Spectrometer (GC-MS) after distillation of the top layer 
BaS04 in TXlOO microemulsion was placed in a 100 dm3 round bottom flask. heated up 
to 363 K in a fractional distillation home set apparatus. The distillate was separated 15 
min later after the di tillation commencing. Oi tillate was then analysed using GC-MS 
using an HP500 column at 323 K (hold 2 min) - (10 Klmin) 573 K (hold 3 min). GC 
proved the presence of cyclo hexane and 2-methyl-2-propanol in the top layer of the 
BaS04 TXlOO microemulsion. This proves the presence of some nanoparticles in the top 
layer as well. This might be due to the fact that the nanopartic1es were formed in the 
interface layer (after separation by cooling). 
100 
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Figure 4.18 Gas chromatography-Mass pectrometer (GC-MS) of distill ate from BaS04 
in TXlOO microemulsion 
4.3.9 Forming BaS04 nanoparticles by evaporation of solvents in 
BaS0 4 in TXIOO and C12E0 4 microemulsions (293K) 
After succeeding in eparating BaS04-TXIOO nanopartic1es by evaporation. harvesting 
BaS04 in C'2E04 u ing the same method (section 4.3.8) wa considered. 
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Cyclohexane and 2-M-2-P have been evaporated from BaS04-TXIOO microemul ion 
after placing it in a rotary evaporator at 363 K. The surfactant residue wa diluted with 2-
M-2-P (Figure 4.19 a). Similarly BaS04 nanoparticles have been determined in the 
BaS0 4-C I2E04 (in cyclohexane) microemulsion after evaporation of cyclohexane at 293 
K (Figure 4.19 b). It has been found that the size of BaS04 nanoparticles became smaller 
(from 25-60 nm before evaporation to 10-15 nm after evaporation) and the shape changes 
dramatically from platelet to particle . 
a b 
Figure 4.19 Tran mission electron microscope (TEM) of BaS04 res idue after evaporation 
of cyclohexane at 293 K; a) in TX 100 and b) in C I2E0 4 
4.3.10 Freeze dry Barium sulphate (BaS04) in polyoxyethylene-4-
dodecyl ether (C12E04) 
Si nce the shape of barium sulphate (BaS04) nanoparticle In TXIOO changed after 
evaporation by heating The freeze dryi ng method was thought to preserve the 
morphology of BaS04. BaS04 in C 12E0 4 microemul ion wa frozen at 248 K followed by 
the removal of cyclohexane under high vacuum (Figure 4.20 a and b). The size of BaS04 
nanoparticles in Cl2E04 microemul ion eem not to change while there is a light change 
in the structure of particle (small platelet-like shape) . EDAX proved that the particles 
were BaS04 (Figure 4.20c). 
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Figure 4.20 Tran mis ion electron microscope (TEM) of BaS04 after freeze dry; a) in 
C I2E04 and b) in TXlOO c) EDAX of a and b 
4.3.11 Doping of Strontium (Sr2+), Magnesium (Mg2+) and Calcium 
(Ca2+) ions in BaS04 microemulsion 
. th ' . dd" B 2+ S 2+ M 2+ 2+ Because sea water contams 0 er Ions 10 a IlIon to a : r, g and Ca ,doping of 
these ions in BaS04 microemulsion took place by mixing microemulsions of SrS04, 
MgS04 and CaS04 (5 %) with BaS04 (95 %) microemulsion in TXlOO. In other words a 
microemulsion of BaCh (95 %) and SrCh (5 %) in TXlOO was mixed with a Na2S04 
microemul ion in TXlOO. The prepared nanoparticles were then characterised by TEM 
(Figure 4.21). Particles formed have a similar size (10-20 nm). EDX proved the presence 
of Ba, Mg, Ca and Sr particle (Figures 4.22 and 4.23). This finding shows that Mg, Ca 
and Sr ions were ucce sfully doped in BaS04 nanoparticles using microemulsion route ... 
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a b c 
Figure 4.21 Transmis ion electron micro cope (TEM) of: a) MglBaS04, b) 
CalBaS04 and c) Sr/BaS04 nanoparticles in TXlOO 
Figure 4.22 a) Scanning electron microscope (SEM) of Sr/BaS04 in TXlOO, b) Energy 
dispersive analy is X-ray (EDX) of SrS04 doped in BaS04 
~ ~----------------------------------------~ 
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Figure 4.23 Energy dispersive analysi X-ray (EDX) of Mg/BaS04 In TXIOO 
microemulsion 
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Elemental mapping (Figure 4.24) of Ba Sr in TXlOO microemulsion (Figure 4.21 c) 
proved that Ba and Sr are to be in the same place (middle), the yield of Ba was found to 
be higher than that for Sr (Figure 4.24 a and d). Sulphur was found to be can den ed in the 
middle with Ba and Sr. The yield of 0 was found to be higher than that of Ba, Sr and S 
ain addition to it wa evenly distributed. 
a b 
c d 
Figure 4.24 Elemental mapping for Figure 4.21: a)Ba b) 0 c) S and d) Sr 
Similarly magne ium and strontium were doped in BaS04-C I2E04 microemul ions and 
separated by freeze drying, the shape of the particle wa found to be different to those 
formed in TXlOO, which mean that the surfactant affects the hape of the particles 
produced (Figure 4.25) . 
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a b 
Figure 4.25 a) Magnisium (Mg)lBaS04, b) Strontium (Sr)/BaS04 10 C l2E04 
microemulsion 
4.3.12 Conclusions 
Different sizes and shapes of barium sulphate (BaS04) microemulsion s were obtained in 
this work using a different variety of surfactant. A cationic urfactant sodium bi -2-
ethylhexylsulfosuccinate (AOT) has formed BaS04 platelet (size 18-37 nm). These 
platelets then aggregate forming nanoribbons. The nanoribbon' size wa found to be up 
to 1 /lm. An anionic surfactant didodecyldimethylammonium bromide (DDAB) was also 
used to form BaS04 microemulsions, DDAB surfactant have produced cylindrical BaS04 
nanoparticles, the size of which varies between 11-60 nm and the length of which varie 
from 7 to 26 nm. However, non-ionic surfactant polyoxyethylene-4-dodecyl ether 
(CI2E04), have produced baguettes and thin platelet their sizes vary between 20-60 nm. 
Another non-ionic urfactant was used TX100 which produce small BaS04 particle 
(size 11-29 nm) after pha e inversion at 248 K. The BaS04 in TXlOO microemulsion and 
BaS04 in C I2E04 were then heated up to 363 K to separate the solvents from the 
surfactant. After separation, the nanoparticles were found to be in the top layer and the 
shape and size of the nanoparticles were changed dramatically from 20-60 nm platelets to 
10-15 nm particles. After the failure in reproducing the same size and shape of BaS04 
nanoparticles by heating and di tilling, BaS04 in C 12E04 and Bas0 4 in TXIOO 
microemulsion were then frozen at 248 K and dried under vacuum. The BaS04 in 
CI 2E04 nanoparticles obtained were found to be small platelet-like shaped size 14-25 nm, 
in other words smaller in ize but the arne shape. The TX100 BaS04 nanoparticles were 
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not changed after freeze drying. Doping of Sr, Mg and Ca in BaS04 microemulsions took 
place forming 10-20 nm sized particles. Sucrose esters (with different HLB values) were 
also used as surfactants producing: baguettes size (12-28x25-300), platelets-like size (15-
45). nanorods (2xI2.5-11x50 nm) and interconnected nanoparticles size (8-30 nm). The 
microemulsions prepared in this work were all found to be water in oil (W /0) type. 
Different BaS04 nanoparticles have been successfully produced in this work: platelets, 
baguettes, particles and ellipsoidal shape using the microemulsion method, but the yield 
of BaS04 was found to be very low weight percent (0.27 % of BaS04) compared to the 
surfactant (99.7 % AOT, DDAB and C12E04). The yield was found to be even less in the 
case of the sucrose ester 9.99% of SE to 1.25xl0-4 % BaS04. Since a low yield was 
obtained, harvesting of these particles was not easy and the demand of surfactant was 
high, another method was considered and this is discussed in the next chapter. 
Ca3(P04h. LaC003 and BaCe03 have been also prepared by the author using 
microemulsion method. Fibrons sizes (26-62 nm) were found as Ca3(P04h in 
waterITXlOO/cyclohexanel2-methyl-2-propanol. While LaC003 and BaCe03 showed 
nanothread microemulsions under the TEM, size 43-108 nm for the former and 40-121 
nm for the latter. After phase inversion the particle sizes was found to be 10-21 nm for 
the fore and 10-20 nm for C the latter (see Appendix). 
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5 Boehmite; its preparation and hosting 
BaS04 nanoparticles 
This chapter explains the third way of synthesising barium sulphate nanopartic1es. Barium 
sulphate is embedded in a boehmite sol by addition of barium solution to a sulphated 
boehmite sol. 
5.1 Introduction 
Boehmite (AIO(OH)) or AIOOH is also known as pseudo-boehmite or aluminium 
oxyhydroxide. It is a poorly crystalline form of the mineral boehmite that has an infinite 
arrangement of the AI-?-AI core structure with the aluminium atom octahedrally 
coordinated by five oxide and one hydroxide anions (Figure 5.1) [176]. 
OH OH 
• I 
0" • 0 I 0 
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• I '0 .... . ... 0". I "0 
I I 
o 0 
Figure 5.1 Structure of boehmite (AIOOH) 
Boehmite is used as a precursor for aluminium oxide (alumina) synthesis by thermal 
dehydration. AIO(OH) forms orthorhombic unit cell crystals with hydrogen bonding 
between the oxy- and hydroxyl- functional groups. Boehmite prepared in this work 
contains some water absorbed on it. At high temperatures it loses water and decomposes 
to form alumina in four different steps [177]. The first step is from 373-473 K desorption 
of physisorbed water on the surface (equation 5.1): 
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The rest of the steps occur above 473 K: the loss of chemisorbed water and the final 
change to alumina via a transition state; desorption of chemisorbed water (equation 5.2), 
conversion into transition Ah03 (equation 5.3) and dehydration of transition Ah03 
(equation 5.4): 
(5.2) 
(5.3) 
(5.4) 
In equations 5.1- 5.4, m and n are the number of physisorbed and chemisorbed water 
molecules respectively and v is the number of residual OH groups on the alumina [177]. 
On the other hand, Krokidis and co-workers [178] studied the step by step mechanism of 
the transformation of boehmite (AIO(OH», through calcination leading to y-alumina (r-
Ah0 3). The mechanism of r-Ah03 formation took place in a couple of steps. Initially, the 
structural collapse of boehmite occurs after hydrogen transfers and water extraction after 
y-alumina appears through an aluminium migration process (Figure 5.2) [179]. In Figure 
5.2; I. boehmite. II. (a) hydrogen transfer, H-Tr., takes place in the interlayer space (A) 
(encircled region). (b) Structural shearing S-Sh; Oxygen atoms of the right-hand layer 
move toward Al atoms of the left-hand layer (shown by arrow). III. S50,0 structure and 
formation of vacancies in the interlayer space (A), then H20 molecules are removed from 
space (B). N. SO,O primary matrix: all aluminium atoms occupy octahedral sites. 
Boehmite can be synthesised by solid state composition of gypsite or by precipitation 
from acidic or basic aluminium aqueous solutions or by a sol-gel procedure by controlled 
hydrolysis-condensation reactions using aluminium alcoholates as a precursor [180]. 
There are two forms of aluminium hydroxides: AIO(OH) and AI(OH)). AIO(OH) is 
boehmite while AI(OH)3 is the true aluminium hydroxide, which is more abundant as 
bayerite [181]. 
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Yoldas [181] was the first to study boehmite by the sol-gel route. He studied the 
hydrolysis of aluminium alkoxides as a function of water temperature; noticing that hot 
water (353 K) hydrolysis produces boehmite, while cold water (293 K) hydrolysis results 
in the formation of monohydroxide. 
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Figure 5.2 Schematic representation of the dehydration process of boehmite 
Hydrolysis was carried out by introducing the alkoxides into excess water under vigorous 
stirring. The water to alkoxide ratio was 200 mol water per mol of alkoxide, to minimise 
the heating effect on the exothermic reaction (equation 5.5). Further hydrolysis-
polymerisation took place to incorporate the aluminium ions (equation 5.6). The 
hydroxides were then aged in closed containers at room temperature in the mother 
liquors, which also contained alcohol. 
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(5.5) 
2Al(OR)20H+H20-+RO-Al(OH)-O-Al(OH)-OR+2R(OH) (5.6) 
The OR groups decreased in number at higher temperatures, but it was found that higher 
concentrations of OR groups remained in solution in cold water than in hot water 
hydrolysis. Replacement of OR groups in the hydroxide by (OH) groups of the water 
during aging increased the solvation action significantly. If OR groups were liberated 
vigorously then these groups were not able to dissolve. Therefore boehmite was not to be 
formed in this case. That was the reason behind the unformation of boehmite in the case 
of hot water hydrolysis [181]. TEM results of the boehmite showed that fibrils of 
boehmite were formed in the case of hydrolysis in hot water. On the other hand after cold 
water hydrolysis, large amorphous and small crystals of boehmite were formed. After 
24 h ageing (after cold water hydrolysis) a slurry of pure boehmite was formed. Later 
Yoldas [182] reported on the peptization of the stable crystalline monohydroxide 
(hydrolysed by hot water) to a clear sol. He used aluminium isopropoxide (AI(OC3H7h) 
and aluminium tri sec butoxide (ASB) (AI(OC4H9h) as precursors. Theses were placed in 
excess deionized water (molar ratio of water to alkoxides 100:1) and stirred vigorously at 
348 K. Prior to peptization the water-alcohol-aluminium slurry was stirred for 15-20 min. 
For peptization Yoldas thought that the pH would control the formation of the clear sol, 
but it seemed this was not right. He found that the nature of the acid used was more 
important (e.g. HF and H2S04 were found to be unsuccessful). To identify the suitable 
acid and optimum pH, Y oldas prepared a number of samples adding different organic and 
inorganic acids producing different pHs. Samples were placed in the oven at 368 K after 
peptization. To form a clear sol the least amount of acid to be added was found to be 0.03 
mol of acid (HCI) per mol of alkoxide. Table 5.1 shows the molar ratio of acid used and 
its effect on sol formation. 
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Table 5.1 Mole ratio of acid used and clarity of sol . 
Sample Acidlhydroxide ratio (mol/mol) Slurry condition after 
heating for 96 h at 368 K 
0.0154 Unpeptized 
2 0.0231 Unpeptized 
3 0.0384 Clear sol 
4 0.0467 Clear sol 
5 0.0537 Clear sol 
6 0.0691 . Clear sol 
7 0.1075 Clear sol 
8 0.154 Clear sol 
9 0.207 Clear sol 
10 0.246 Clear sol 
Yoldas [182] also studied the effect of the type of the acid on peptization (Table 5.2). He 
found that the acid used has the following requirements: 
~ The anion of the acid must be a non-complexing (or very weakly complexing) 
agent with aluminium ions. The failure of using sulphuric and fluoric acids could 
be due to the possibilities of F and S04-2 forming complexes with aluminium. 
~ The amount of acid in relation to aluminium must not be large to prevent the 
formation of a continuous aluminium bonding through oxygen (oxalated) or 
through hydroxides (oleated). 
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Table S.2 Acid used for peptization and its affect on sol formation 
Slurry condition after 
Name Acid 
heating for 168 h at 368 K 
Nitric HN03 Clear sol 
Hydrochloric HCI Clear sol 
Perchloric HCI04 Clear sol 
Hydrofluoric HF Unpeptized 
lodie HI04 Unpeptized 
Sulphuric H2SO4 Unpeptized 
Phophoric HJP04 Unpeptized 
Boric HJB03 Unpeptized 
Ethanoic CH3COOH Clear sol 
Trichloroacetic CChCOOH Clear sol 
Monochloroacetic CH2CICOOH Clear to cloudy 
Formic HCOOH Clear to cloudy 
Oxalic H2C20 4.2H2O Unpeptized 
Phthalic C8~03 Unpeptized 
Citric H3CJI5~·H20 Unpeptized 
It was found that not only the acid addition causes peptization. The slurry also had to be 
heated above 353 K and held until the formation of a cle~ sol as the rate of peptization 
drops severely below 353 K.An electron microscope was used to determine the particle 
size of sols formed. Irregular and rectangular platelets (averaging 20-40 nm and thickness 
~ 5 nm) were noticed in sols peptized by HN03 or Hel, unlike ethanoic acid when 
platelets were found to be larger, well-shaped and rectangular. Generally it was found that 
particle size and shape were affected by the amount of acid (Table 5.3) [182]. 
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Table 5.3 Effect of acid concentration on particle size of alumina 
HCI:AI(OC4H9h molar ratio Size range (nm) 
0.020 == 5- 35 
0.035 == 5- 35 
0.070 == 10- 20 width, 40-50 length 
0.140 == 10- 20 width, 10-100 length 
0.210 == 10- 20 width, 10-100 length 
The effect of anions on boehmite sol stability has been studied tI83]-[184]. Petkovic et 
al. [184] investigated the stability of colloidal alumina in the presence of selected anions 
(N03-, cr, r and SOi-) using the potentiometric titration technique. Initially a 
potentiometric titration for a pure alumina colloid was carried out. The pH at which the 
colloidal alumina was found to coagulate was found to be 6.6 ± 0.4. Figure 5.3 shows a 
plot of the dependencies of the logarithm of critical coagulation concentrations for all of 
the studied anions on the coagulation pH [184]. It is clear that the coagulation pH 
decreased with an increase in the anion concentration in all cases. This agrees with the 
stability theory, treating liophobic colloid systems assuming the electrostatic repulsion 
forces between colloid particles are of the same charge (positive in this case, because 
peptization was carried in an acidic media). It was also noticed that the critical 
concentrations of coagulation (for all anions studied) decreased with increasing pH. 
Violante and Huang [185] reported a relationship between pH and the formation of 
aluminium hydroxide polymorphs. At pH 10 bayerite (a-AI(OHh) was formed after 3 h, 
while pseudoboehmite and gibbsite (y-Al(OH)3) were formed after 60 and 31 days 
respectively [186]. 
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Figure 5.3 Dependencies of log Cc on pH for colloidal alumina at 295K. For KN03 (+), 
KCl (~), KI (0), K2S04 (0) and K3[Fe(CN)6] (x) [Ao for commercial KC1] [184] 
From another point of view Petrovic et al. [187] studied the influence of the type (HN03 
and HC1) and amount of acid used for boehmite peptization on its crystallinity. Petrovic et 
al. prepared AIO(OH) sols by peptization of freshly precipitated Al(OH)3 that was 
produced by the addition of NH3 into hot AICh.6H20 (pH 7-8). Chloride ions were rinsed 
off in hot water. Various n(HC1)ln(Al(OH)3) ratios were used (0.05, 0.1, 0.25 and 0.4) and 
a 0.1 molar ratio nHNO~ n (Al(OH)3). All experiments were performed at the boiling 
point under reflux condition for 48 h. IR analysis for boehmite powder (obtained by sol 
drying at 353 K for 24 h) showed characteristic bands of boehmite and pseudoboehmite 
(Figure 5.4). The peak at 1650 cm-l corresponded to water of hydration. The band at 
3700-3200 cm- l was a stretching vibration of OH group connected to the Al cation. The 
peak at 1060-1080 cm- l was the bending vibration of AI-OH and the peak at 450 cm-! is 
related to octahedrally coordinated Al ions. The N0 3- group from HN03 appeared at 1400 
cm-! (Figure 5.4 d). It is clear that the intensity of the peak at 1650 cm-! increase with 
increasing HCl content which confirmed that increasing Hel content for peptization 
caused an increase of interlayer water content. 
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Figure 5.4 Spectra of the boehmite powders: a) 0.4 HCI, b) 0.25 HCI, c) 0.1 HCI and d) 
0.1 HN03 [187] 
Concluding their work, Petrovic et al. [187] found that the pH and crystal structure and 
specific surface area of the sol powder were affected by the amount and type of acid (HCI 
or HN03) added for peptization. They thought that peptization by HN03 led to a better 
crystallinity and higher specific surface area of the boehmite powder. TEM showed rod-
like shapes (30 nm in length and 10 nm in width) for the boehmite sols. 
On the other hand, Gielselmann and Anderson [188] reported that the critical ionic 
strength increased with increasing of the size the anion, because larger monovalent anions 
appeared to be less effective at screening the particle's charge. The action of divalent 
anions such as S042- and Cr20l- was more complicated and involved specific adsorption, 
complexing with dissolved aluminium species and/or particles-particle bridging.[187) 
Mathieu et al. [189] controlled the morphology and the particle size of boehmite 
nanoparticles hydrothermally. He managed to do this by preparing an aluminium chloride 
salt solution, increasing the pH to 11 using NaOH 5 M solution. Hydrothermal treatment 
was performed at 433 K for different periods of time (by placing the mixture in a PTFE-
lined stainless steel autoclave heating under stirred conditions (15 rpm». Initially small 
AIOOH crystallites were formed (15-40 nm), but they then aggregated into larger 
particles (160 nm). They reported using a biocompatible polymer (sodium poly acrylate 
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(NaPa) 2100) as a ize/morphology controlling agent, the formation of a stable colloidal 
suspension of rounded boehmite nanoparticles (15-40 nm) obtained at 433 K for 24 h. 
Increasing the synthesi time to 168 h resulted in the formation of very long boehmite 
fibers (1000-2000 nm) with an 10 nm average diameter. Chengbin et al. [190] reported 
that the effect of using ethyl acetoacetate (EAcAc) is to prolong the lifetime (about half a 
month) of alumina 01. EAcAc wa con idered to be reacting with the neighbouring HO-
Al groups expo ed on the surface of the colloidal particle. In this work EAcAc was 
added to the boehmite 01 after peptization with HN03 (an alumina 01 without EAcAc 
was also prepared for comparison). TEM micrographs for their particle showed that the 
ones prepared with EAcAc were nearly the same ize as the ones without it (Figure 5.5 a 
and b), but the particles had a different appearance. 
Figure 5.5 Transmission electron microscope (TEM) micrograph of (a) alumina sol 
without ethyl acetoacetate (EAcAc), (b) alumina 01 with EAcAc [190] 
These alumina particles with EAcAc had a bright and round urface, while those without 
EAcAc were neither hiny nor round . Their real surfaces in the former case were found to 
be covered with EAcAc [190], Alumina ols formed were also analysed by UV. EAcAc 
had a strong ab orption peak at 244 nm, while the alumina sol alone did not have a strong 
UV ab orption band (Figure 5.6). Alumina 01 with EAcAc demonstrates a strong UV 
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absorption at 270 nm, which they attributed to the inclusion of EAcAc. Chengbin et al. 
work found that the life time of aluntina with EAcAc was prolonged 24 times that to 
alumina alone. EAcAc was a surface modifying layer, and as a result stability was 
improved. 
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Figure 5.6 Ultra Violet (UV) absorption spectra of EAcAc, alumina sol without EAcAc 
and alumina sol with EAcAc [190] 
One of the main goals in thi work is to investigate sulphated alumina or boehmite to 
which Ba2+ could be ea ily attached to form BaSOJAIO(OH). Sulphated boehmite has 
been previously mentioned in the literature using different techniques such a : (i) wet 
chemical precursor synthesis [191] followed by the addition of SO/-to AIO(OH) sol 
prepared by aluminium tributoxide and 2-propanol [I92]. (ii) Bokhimi et at. [192] 
synthesised (SO/)/AlO(OH) by dissolving and refluxing aluminium-tri-sec-butoxide in 
2-propanol for 1 h at 358 K (molar ratio of 2-propanol: ASB=60). H2S04 (molar ratio of 
H2S04:ASB= 0.01, 0.03, 0.06 or 0.09) was added prior to cooling (298 K), after which 
the mixture was refluxed for a further 1 h at 358 K. Water (H20:ASB=J) was then added 
drop wise after cooling the mixture (298 K) and maintaining thi temperature for I h. Then 
the temperature of the mixture was raised again to 358 K and held for 3 h. Dis olution of 
ASB in 2-propanol produced a transparent sol which was analysed by TEM showing 
nanocapsules having diameters between 10-50 nm (Figure 5.7). 
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Figure 5.7 Micrograph of the 01 sample without ulphate ion [192] 
These authors noticed that the nanocapsules in the 01 aggregated when they interacted 
with each other. Thi interaction was attributed to ageing of the sample at 298 K in an 
open glass ves el. Pottier et al. [193] reported that in part aggregation was hindered when 
peptizing (sulphate ion in thi ca e) ions are pre ent in the olvent; pre umably because 
the ions surrounding the colloidal sol particles hindered their interaction. However, TEM 
micrographs howed that interaction between the nanocapsules in the 01 decrea ed with 
increasing of the SO/- concentration (Figure 5.8). 
Figure 5.S Micrographs of non-aged samples prepared at different SO/ -fAI molar ratio: 
(a) 0.09, (b) 0.06, (c) 0.03 and (d) 0.01 [193] 
Tran mission electron micro cope (TEM) micrographs showed that nanocap ule did not 
appear in the sample micrograph when prepared at a molar ratio of 0.01 (Figure 5.8 d) , 
which is similar to a sample reported by a previou publication by Bokhimi and co 
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workers [194] when they used the same route of preparation. The only difference wa the 
ratio of H2S0,JASB=0.03 [194]. TEM micrograph of a fre h non aged sol showed rings 
(Figure 5.9 a), which they thought might be real rings or hollow sphere. To distinguish 
which of the two geometrie was real, an isolated particle wa analysed via TEM and 
STEM modes of the TEM. 
Figure 5.9 (a-c) Transmi sion electron microscope (TEM) micrographs of non-aged samples 
and (d) a sample aged for 20 days [194] 
An image of the particle in its original po ition (Figure 5.10 b) was taken; after that the 
sample was rotated +15 0 (Figure S.10 c) and -150 (Figure S.lO d) from that initial 
position. Experiments showed that the particle in the sample consisted of a hollow sphere 
"capsule" and not rings. Such cap ules have an average diameter of 20 nm and a shell 
thickness of 3.5 nm. 
Figure 5.10 (a) Tran mi ion electron microscope (TEM) of i olated cap ule, (b) 
Scanning tran mis ion electron microscope (STEM) micrograph of the arne capsule, (c) 
STEM of cap ule after + 15 0 rotation and (d) STEM micrograph of the cap ule after 
rotation _15 0 [194] 
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In the non-aged sample the capsules aggregated to form foam (Figure 5.9 b). This 
aggregation was attributed to the synthetic conditions; mainly temperature [194]. High 
resolution images (Figure 5.9 c) showed that the capsule's shell was rough with rounded 
bulges, which could be associated to the atom distribution in the AIl3 tridecamers (Figure 
5.11). After interaction capsules formed curved fibres (Figure 5.12 a). Interactions 
between capsules depended on the number of sol- in the solution during the ynthesis, 
because those in the cap ule's surface weakened the interaction between capsule. Fibres 
were transferred to rods during ageing (Figure 5.12 b) . 
• 01 02 . 03 04 
Figure 5.11 Atom distribution in the AIl3 tridecamer [194] 
Figure 5.12 Micrograph of aged SOl-fAI samples (a) few days aging and (b) 20 days 
ageing [194] 
Finally Bokhimi and co-workers concluded in their work that AIO(OH) nanocap ule are 
formed with shell made up of AII3 tridecamers. When those capsules aggregated 
interactions between hell of nanocap ules cau ed capsule's opening. Ageing the ample 
at room temperature favoured the transformation of Al 13 tridecamer atomic distribution 
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(Figure 5.10) into a crystalline atomic order that eventually gave rise to noncrystalline 
bars of boehmite [194]. 
Oh and Rhee [195] reported the formation of aluminium hydroxide fibre by a fast and 
simple hydrolysis of aluminium metal nanopowder in H20 producing aluminium 
hydroxide fibre. Nano aluminium particles were produced by a pulse wire evaporation 
method (explosion of the metal wire by a high density current pulse 104_106 Nmm2). The 
nano aluminium particles produced were spheres with 80-100 nm in diameter. Aluminium 
metal nanopowder (1 g) was dispersed ultrasonically in distilled water 200 cm3 at 
different pH (pH 3 achieved with 0.1 M HN03, pH 6 with distilled water and pH 9 with 
0.5 M KOH) and temperatures (303 -353 K). Unstable amorphous aluminium hydroxides 
were formed by the hydrolysis reaction of this nano aluminium powder. When 
crystallized they became boehmite and then bayerite in sequence. Boehmite produced at 
high temperature (over 323 K) and acidic conditions (below pH 6) gave a nano fibrous 
shape with several hundred nm length and several nm in diameter. 
5.2 Experimental 
5.2.1 Water-borne boehmite 
Boehmite was prepared using a simple method, by adding aluminum tri-sec butoxide 
(ASB) (3.9 mmoles, 97 %, p = 0.960) gm.cm-3 to deionized water at 358-363 K under 
vigorous stirring. The pH was found to be 7. The mixture was then peptized at 393 K for 
40 h by hydrochloric acid (0.1 M) (37%, p = 1.18 gm.cm-3) at both 0.07 and 0.1 ratios 
moles of acid to moles of aluminum tri-sec butoxide. HN03 was also used to peptize the 
alumina at both 0.07 and 0.1 molar ratio of acid to ASB. 
Materials: Aluminum tri-sec-butoxide, BaCh, BaS04, HCI, HN03 and H2S04• C4H90H, 
Butanol used was analytical reagent grade (RMM = 74.12; p = 0.80 gm.cm-3) (see section 
2.1). Deionized purified water obtained from a Milli-Q water purification system, was 
used with all alumina preparation. 
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5.2.2 Sulphated and Barium sulphate (BaS04) embedded in 
. water-borne boehmite 
Sulphated boehmite (AIO(OH» was prepared by the addition of water 2 cm3 to boehmite 
(5 cm3, 39.2 molldm3) (prepared in section 5.2.1) followed by the addition of Na2S04 
(0.02 cm3 of 0.1 M) under vigorous stirring. BaS04 in boehmite was prepared by the 
addition of BaCh (0.02 cm3, 0.1 M) to the sol- boehmite prepared (mentioned above) 
under vigorous stirring. After these two additions the boehmite sol still seems clear. Then 
further additions (2) of Na2S04 and BaCh followed respectively in two intervals. At this 
stage the boehmite sol containing BaS04 remained clear. A further addition of Na2S04 
(0.02 cm3 of 0.1 M) was added to test the clarity of BaS04 boehmite sol, which proved 
that after those three interval additions of NaS04 and BaCh (0.1 M) the sol was not clear 
(unstable). 
Boehmite and BaS04 in AIO(OH) prepared were analyzed by: 
~ Transmission electron microscope (TEM): a couple of drops were applied in a 
copper grid running it in a Philips CM200. 
~ Scanning electron microscope (SEM): a couple of drops were placed in a carbon 
stub followed by gold coating (3 nm thickness) and then ran in a Hitachi S3200N 
attached to an Oxford instrument EDAX detector. 
~ Malvern zetasizer nanoseries to measure the particle size. 
Boehmite and BaS04 in boehmite were then freeze dried at 248 K. The powders were 
analysed by SEM by applying it in an aluminium stub followed by 5 nm thickness gold 
coating. Powders were also analysed by an XRD P analytical X'Pert Pro diffractometer 
with Cu K (l radiation and infra red AIOOH and BaS04 in AIO(OH) powder was 
suspended in purified water. Infra red (FfIR Perkin Elemer 2000) was also used to 
analyze boehmite and BaS04 in boehmite powders after suspending them in purified 
water. 
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5.2.3 Stability of sulphated boehmite (SOi"/AIOOH) 
SOl/AIOOH stability was tested after: 
~ boiling (121 ppm) sulphated boehmite (S042-/AIOOH) at 373 K 
~ Adding NaCI (1000 ppm) to sulphated boehmite (SOl-/AIOOH) 121ppm at 298K. 
5.2.4 StOber silica 
Stober silica has been prepared by base catalysis using a modified StOber method [208], 
[209] as follows: of ethanol (185 cm3, 100 %) was added to deionized water 184 cm3 
(filtered by Millipore filtering system) in a 500 cm3 Duran bottle. The mixture was 
vigorously stirred for 20 min. The pH was found to be 6. Aqueous ammonia solution (14 
cm3, 2 M) prepared in deionized water (11.05 cm3 of 35% am~onia solution in 100 cm3 
deionized water) was injected slowly (1 cm3 /min) into the previous mixture under 
vigorous stirring for 2 hand 20 min at room temperature after which the pH was found to 
be 9.5. TEOS (9 cm3) was injected and vigorously stirred for 15 min. Four subsequent 
additions of increasing amounts of ammonium solutions 2 M (1, 3, 6,48 cm3) were added 
after 10, 30, 30 and 48 min of vigorous stirring. The pH after ammonia addition was 
found to be 10 (equation 5.8). The mixture was allowed to stir for 24 h, after which the 
silica solution was found to be clear (Figure 5.13 a). 
Si(OR)4 + water EtOH -+Monodispersespherical Si02 (5.7) 
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Figure 5.13 Picture of a) StOber ilica clear olution and b) BaS0 4 to StOber ilica 
opaque solution 
5.2.5 Barium ion (Ba2+) doped on Stober silica (Ba2+/Si02) 
Ba2+ doped silica aqueous solution wa prepared using the same previous method except 
that Ba2+ 100 ppm which was prepared by di solving of BaCl2 0 .033 g dihydrate wa 
dissolved in deionized H20 184 cm3 prior to addi tion of ethanol J 85 cm3. BaS04 in silica 
was formed by the addition of sol- 100 ppm to the Ba2+ doped silica aqueou solution 
this took place by dissolving Na2S04 0.027 g in another deionized H20 184 em3. BaS04 
in StOber silica showed partial stability, in other words an opaque solution was formed 
after the addition of the sol- solution, which wa found to be unclear after 24 h. 
5.3 Results and Discussion 
5.3.1 Introduction 
Barium sulphate is ho ted in water-borne boehmite (aluminum oxyhydroxide AIOOH) a 
a new method for cale prevention. In this work barium su lphate was impregnated in 
aluminum oxyhydroxide which is formed by peptizing hydrolyzed aluminum tri -sec 
butoxide (ASB) (42 mmol) using (Hel or HN03) at 0.07 and 0.1 molar ratio of acid to 
157 ASB. An anionic (s lightly +ve) AIOOH ho t was then formed by the addition of 
H2S04 (0.4 mmol) to which the barium is electro tatically attached after addition of 
barium chloride (0.4 mmol) to the preformed anionic AIOOH (equation 5.3 and 5.4) . Due 
to the fact that the ynthesis of boehmite fibers (using the aluminum a1koxide a 
175 
Chapter 5 Boehmite; its preparation and 
hosting BaS04 nanoparticles 
precursors) method has a good homogeneity and high purity [181]-[182] , [195]. Thi 
method has been used in this work. Thus sulphated boehmite sols were prepared by 
adding sulphuric acid to the stable boehmite sol. An equimolar solution of barium 
chloride was added to the sulphated boehmite and then barium ions were attracted 
electrostatically to the sulphated boehmite forming a stable colloid of BaS04 in AIO(OH) 
according to equation 5.8 and 5.9. 
AIO(OH)+HCI 403-41 3 K ) AI(OOH)H + cr (5 .9) 
Surface OH groups of hydrous aluminum oxide have amphoteric character [196]. The 
reaction of surface AI- OH with H+ or OH - ions from dissolved acid or ba e lead to 
the formation of positive AI-OH2+ or negative AI-O- charges on the surface depending on 
the pH [196]. In this case when the pH is less than the point of zero charge (PZC) (that i 
when (the sum of the positive and negative charges is zero), the surface ha a net po itive 
charge. The point of zero charge for boehmite was found to correspond to pH 9.5 [197]. 
Figure 5.12 shows a sketch diagram showing the formation of BaS04 in the water-borne 
boehmite surface in two steps: (i) firstly on the addition of H2S04, the chloride ions on the 
surface with hydrogen ions from H2S04 will form HCI while the sol -wi ll remain on the 
surface of the boehmite. (ii) When BaCI2 is added, BaS04 is then formed in the boehmite 
surface (electrostatic attraction) (Figure 5.21). 
AlOOH sol Sulphated AlOOH sol 
SOl"" 
@ BaSO, SO ;· SO;· + 2BaCl2 -----'-... @ 
.... ..... BaSO BaSOl + 2HCI 
SOl·· BaSOl 
Sulphated AlOOH sol BaSOl in AlOOH sol 
Figure 5.14 Sketch diagram explaining the formation of BaS04 on boehmite surface 
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Boehmite (AIO(OH» produced in this work wa prepared by using ASB a a precursor 
dissolved in water at 358 K. HCI and HN03 were used for peptization at 403-4] 3K 
separately. Two different ratios of acid to ASB were u ed: 0.07 and 0.1 molar ratio 
(acid:ASB). Boehmite wa peptized with HCI wa analyzed and u ed in this work, 
because it was found to be more stable after addition of BaCl2 and Na2S04. Boehmite 
fibers produced were found to be similar to tho e produced by Yoldas [181] (Figure 
5.15). TEM shows that at a 0.1 molar ratio of HCI:ASB the particle size wa found to be 
15-100 nm, while at a 0.7 molar ratio, their size was altered (l0-90 nm). The particle size 
was measured during the process of formation u ing DLS. Initially after ASB wa added 
to hot water a combination of small (0.7-0.95 nm) and large particle (355-415 nm) wa 
formed (Figure 5.16). After peptization the particle were all found to be of a imilar ize 
(46-139.8 nm) (Figure.5.l7). 
a b 
Figure 5.15 Transmi sion electron microscope (TEM) image of boehmite after 
peptization using a) HCl 0.1, b) HCI 0.07 molar ratio of acid to ASB 
Generally two range of particle sizes (small> 1 and large <100) were noticed before 
peptization while only one range was found (large) after peptization (compare Figures 
5.16 and 5.17). Figure 5.17 shows boehmite particle size by DLS after peptization at 
different periods (starting with 10 s after addition of HCI (0.1 molar ratio HCI:ASB), 15 
h, 24 h, 39 h and one week). They all eem to be in the range of <100 nm>. After tarting 
with a particle size of 123.8 nm at 10 s it drop at 15 h to 77.88 nm, to ri e again after 24 
h to 126.5 nm with a slight drop after 48 h to 91 nm and after a week it was found to be 
139 nm. The final particle ize still seems to agree with TEM re ult . 
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Figure 5.16 Particle size of Boehmite before peptization by dynamic light cattering 
(DLS) 
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Figure 5.17 Particle ize of boehmite after peptization by dynamic light cattering (DLS) 
Results have proven that the boehmite particle ize does not change with aging. This 
result differs from those reported by Bokhimi [192] -[194]. This author reported that 
boehmite is initially formed as nanocapsule that convert to fiber with ageing. The 
particle size of AlO(OH) measured immediately after peptization at 393 K wa found to 
be 123.8 nm, while after 15 h during peptization a shown above wa found to be 77 .88 
nm and at the end of peptization proces (48 h) it measure 91 nm. The boehmite ample 
was allowed to stay over the bench for a week (after peptization) and the particle ize was 
again measured using DLS. It was found to be 139.8 nm which is nearly similar to the 
size of particles freshly prepared. 
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5.3.3 Sulphated water-borne boehmite 
When H2S04 (2 ~mol) wa added to boehmite, it wa found to be stable over time. TEM 
images of SO/- boehmite showed fiber-like bent structures (Figure 5.1 8 a) containing 
small particles (1.5-6.5 nm) of SO/ - ions (Figure 5.18 b) on the boehmite surface. Fiber-
like bent structures of non-aged sulphated boehmite have been reported before by 
Bokhimi et al. [192], although this work does not agree with capsule' formation before 
the addition of H2S04. DLS in Figure 5.19 show the particle size of AIOOH and SO/- in 
boehmite, the particle sizes seem similar (-137.8 nm). Stabi lity test of SO/-/AIOOH 
took place by both boiling (373 K) and with the addition of brine water (100 %). The 
particle size was then measured using DLS (Figure 5.20), which hows an incr a e in the 
size of the particle (214.6 nm) after boiling. This finding might be due to aggregation, a 
the size of particles wa nearly doubled (Table 5.4). 
a b 
Figure 5.18 Transmis ion electron microscope (TEM) images of SO/-/A IO(OH) a) 
11,000 x and b) 50,000 x 
The increase in boehmite size after the addition of saline water or NaCI might be logical 
due to the particle size of sodium chloride which wa found to be between 200-500 nm 
[ 198]. 
Table 5.4 Effect of boiling and salinity of water on boehmite particle size 
Sample Particle size (nm) 
SO/-lAIOOH 137.8 
SO/"/AIOOH after boiling 214.6 
SOt lAIOOH after salt addition 377.8 
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Figure 5.20 Particle size of SOl-IAlOOH after boiling and addition of salt 
5.3.4 BaS04 in water-borne boehmite sol 
after boiling 
after salt additio 
Barium chloride (BaCh)(2 )lmol) was added gradually to SOl-/AIOOH (1.02 % Na2S04 
to 98.98 % AIOOH molar percent) at three intervals (ending with molar percent of 98: 1: 1 
of AIOOH:BaCh:Na2S04 respectively (Table 5.5». In other words BaCh (2 )lmol) wa 
added to AIOOH 0.195 mmol containing Na2S04 (2 )lmo!) at three equal interval ending 
with equimolar BaCh and Na2S0 4 (6 )lmol) which was found to be the saturation point of 
0.195 mmol AlOOH. While the ratio in percent of AIOOH:Ba2+:S0/- was found to be 
98.4: 1 :0.6 respectively (Table 5.6). 
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Table S.S mmoles percentage of AIOOH, BaCh and Na2S04 per 5 em3 AIOOH in the 
initial and final additions 
Material mmoles AIOOH Percentage (%) 
AIOOH(I*) 0.195 98 
BaCh(l) , 2xlO·3 
Na2S04(I) 2xlO·3 1 
AIOOH(F*) 0.195 94.2 
BaCh(F) 6xlO-3 2.8 
Na2S04(F) 6xlO-3 2.8 
*I&F Initial and Rnal additions 
Table S.6 Weight percentages of AIOOH, Ba2+and sol- per 5 cm3 AIOOH 
Material Weight (g) Percentage (%) 
AIOOH 4.8xlO-i 98.4 
sot 0.28xlO-3 0.6 
Scanning electron microscope (SEM) was used to study the process of the gradual 
addition of BaCh into SOl-AIOOH step-wise starting with 2 and 6 Jlmoles/5cm3 
respectively (Figure 5.19). SEM shows that the particle size decreases as the BaS04 
concentration increases; the size and shape of the particles are changed with increasing 
Ba2+ and sol- concentrations (Figure 5.21). The 1st addition (2 Jlmo1l5cm3) shows 
spherical shaped particles (size 3.6-4.9 J.lm), while the 2nd addition (4 J.lmo1l5cm3) shows 
spherical to amorphous aggregates (size 0.44-2.2 J.lm) and the 3rd addition (6 J.lmo1l5cm3) 
shows a bow-tie structure 5.4x9 J.lm in addition to very small particles (size 36-150 nm). 
While simultaneously, the aggregation of BaS04 particles increases with the addition of 
BaCh ,and Na2S04, SEM shows that the size of aggregated particles increases with the 
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addition of BaCh and Na2S04 (Figure 5.21), where particles become closer as their 
number increases from (a) to (b) and then to (c) where a bow-tie structure was formed 
with the aggregation of the very small (36-150 nm) BaS04 particles (Figure 5.20). 
Looking at the stepwise formation of particles it is clear that the particle ize decrea es as 
the concentration of BaCl2 increases. Figure 5.23 shows the relationship between BaCl2 
concentration and particle size. At the same time the number of particles increa e with 
increasing BaS04 concentration (Figure 5.22). Energy di persive X-ray analysis (EOX) 
was used to analyze the particles formed in Figure 5.24. It was proven that there is Ba, S, 
AI, 0 and Au peaks at 2.1 e V (used for coating the sample to prevent charging effect) and 
a CI peak at 2.6 eV. Elemental analysis by EOX showed the unity tiochometric of Ba 
and S (Figure 5.24). Ba percentage in the actual sample was 40 times higher than that of 
S. But after drying it appears to be 10 times higher. That mean S i now in contact with 
the Ba2+. In addition to excess aluminum percentage (in the found re ults i more than the 
actual results due to the aluminum stub in which the sample wa placed. The % 0 wa 
found to be higher in the real sample that might be attributed to it tran formation to 
butanol during the formation of boehmite. 
a b 
c d 
Figure 5.21 Scanninj electron microscope (SEM) images BaS04 in AIO(OH) a) 2, (b) 4 
and c, d) 6 ).!moU5cm 
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The theoretical and actual values of Ba, S, 0, AI, Na, CI, C and H are compared in Table 
5.7. Actual values of Na, CI and hydrogen were not mentioned in the EDX in Figure 
5.24). 
Element Weight % Atom % 
CK 9.93 17.16 
OK 38.60 50.08 
AIK 39.11 30.09 
SK 1.60 1.04 
BaL 10.76 1.63 
Total 100.00 
Figure 5.24 Energy dispersive X-ray Analysis (EDX) and % of element 
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Table 5.7 The theoretical and actual weight (g/5cm\ actual weight and atom percentage 
(%) 
Element Ba S AI 0 C CI Na H 
Weight (mg) 2.8xl0-J 6.4x 1 0.5 3xlO-3 9.5xI0-3 28. lxlO·3 1.5x 10-3 9.2xI0-5 5xlO·j 
Weight % (theoretical) 5.9 0.13 10.51 19.98 59 3.15 0.19 1.05 
Weight % (actual) 10.76 1.6 39.11 38.60 9.93 
The bow-tie BaS04 structure was again confirmed by TEM (Figure 5.25). Mapping 
analysis showed that the majority of Ba and S are mainly concentrated in the centre of the 
bow-tie (Figure 5.25 b, c and d), while 0, C and Al are distributed in the centre and the 
surrounding area where AlOOH and the carbon from butanol (which i formed a a by 
product in the reaction of (ASB) and H20). (Figure 5.25). EDX analysi in Figure 5.26 
confirmed that the bowtie particle i BaS04 (Cu peaks are due to the Cu grid). 
a b c 
d e f 
Figure 5.25 a) Transmission electron microscope (TEM) analysi of BaS04 in AIO(OH), 
b, c, d, e and fare Ba, S, 0, Al and C elemental maps respectively in (a) 
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Figure 5.26 Energy disper ive X-ray analysis (EDX) of image (a) in Figure 5.24 
DLS studies were carried for AIO(OH) sol, SOl-/AIOOH and BaSOJAIOOH at different 
concentration (Figure 5.27). DLS showed a very imilar ize for AIOOH and SO/ -
IAIO(OH) (Table 5.8), while it showed two different particle sizes of BaS04/AIOOH. It i 
most likely that the large particle sizes are BaS04 inside AIO(OH) (or aggregates of 
BaS04 in boehmite forming the large particle proven by TEM and SEM) which are 
larger than the size of boehmite in its own (l39.8 nm), while the mall particle ize (1.3 
nm, 2 .8 nm and 3_1 nm) are mo t probably the BaS04 particles before aggregation. This 
result is compatible with the re u1ts shown by SEM (Figure 5.21). 
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Figure 5.27 Dynamic light scattering (DLS) of AIO(OH), ulphated AIO(OH) and BaCh 
(2,4 and 6 IlmoV5cm3) in AIO(OH) 
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Table 5.8 Particle sizes measured by dynamic light scattering (DLS) 
Sample 
A100H (nm) 140 138 38 1 2 15 139-5000 
BaS04 (nm) 3. 1 1.3 2.8 
Again it is clear that the particle size of BaS04 in AIO(OH) decreases as the concentration 
of BaS04 increases (Table 5.8) which is similar to SEM results. However, small non 
aggregate particle sizes are available in AIOOH with BaS04 at different concentration . 
BaS04 (6 f.!moU5cm3) in AlO(OH) was also analyzed by electron diffraction showing the 
amorphous AIOOH and BaS04 reflections: {002}, {OIl} and {020} of (Figure 5.28), 
diffractions patterns are shown in Table A.2 (Appendix) . The TEM image in Figure 5 .28 
proves that the dark core is BaS04 and the surrounding seems amorphou AIO(OH). 
Electron energy loss spectroscopy was also used to determine the BaS04 in AIO(OH) 
(Figure 5.29), which proves the presence of Ba Land N edges, S and Ai L edge and 0 
and C K edge (Figure 5.29). 
0.5 11m 
Figure 5.28 Electron diffraction of BaS04 particle in AIO(OH) 
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Figure 5.29 Electron energy loss spectroscopy (EELS) of a) Ba L edge, b) Ba N edge and 
SLedge, c) 0 K edge, d) Al and SLedge and e) C Kedge 
5.3.5 Freeze Drying of boehmite (AIO(OH» and barium sulphate 
(BaS04) in AIO(OH) 
Boehmite (AIOOH) and BaS04 (6 ~mol/5cm3) in AIO(OH) have been freeze dried in a 
Freeze Dryer Modulyo at 248 K and pres ure 4xlO-3 MPa. Sample (dried AIO(OH) and 
BaS04 in AIO(OH» were then analyzed by SEM, EDX, XRD and IR. SEM how fibers 
of AIO(OH) ( ize \.5-5 ~m) and platelets of BaS04 nanoparticle (400-940 nm) in 
AIO(OH) (Figure 5.30). EDX (Figure 5.31) have proved that the particle in Figure 5.30 
(b) are BaS04. 
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Figure 5.30 Scanning electron micro cope (SEM) of dried a) AIO(OH) and b) BaS04 (6 
)lmmoU5cm3) in AIO(OH) 
Figure 5.31 Energy dispersive X-ray analysis (EDX) of sample in Figure 5.28b 
X-ray diffraction (XRD) analysis 
Figure 5.32 (a) shows an X-ray diffraction peak below 28 at 15°. This pattern ari e when 
the AI-O are ordered with a noncry talline ymmetry. The peaks of pure boehmite were 
found to be similar to the peaks found by Bokhimi [194] and Popa et. at. [199]. X-ray 
diffraction patterns of freeze dried AIOOH and BaS04 in AIOOH were mea ured in a 
Panalytical X'Pert Pro diffractometer with Cu K a radiation. Diffraction inten ity wa 
measured between 10° and 70°, with a 2() step of 0.017° and a counting time of 83.3 
s/point. 
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Boehmite peak obtained in Figure 5.32 (a) were found to be similar to those found in 
natural boehmite [200] . The peak hown here are at 14.4° (020 reflection), 28.20 (021), 
38.40 (130) and 49.2° (002). BaS04 crystals peaks are clear in Figure 5.32 (b), although 
the peaks are small in size but they are sharp which indicates the high purity and 
crystallinity of BaS04. The peak at 20°, 25°, 27°, 28°, 32°, 33°, 420 and 44° are BaS04 
[201]-[202]. AIOOH particle ize can be determined by the peak width: the narrower the 
peaks the bigger the particle ize. This can be calculated by the X-ray by line broadening 
technique using the Debye-Scherrer equation [54]: 
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(5 .10) 
In equation 5.10 D is the particle size, K is the shape factor equals 0.9, A i the wavelength 
(1.54 A), P is the corrected in trumental broadening u ing y-Ah03 and e i the Bragg's 
angle. The particle ize of boehmite calculated by XRD is compatible to those mea ured 
by TEM (10-26 nm). Similarly the sizes of BaS04 particles doped in AIO(OH) were 
measured from XRD (Figure 5.32 b). Particle size varied from 7 to 54 nm, which means 
freeze drying affects the particle aggregation which is even better for appl ications. 
Comparing the particle size of AlO(OH) by XRD (5-26 nm) to the larger pru1icle size of 
BaS04 doped in AlO(OH) proves that the BaS04 i indeed embedded inside aluminum 
ox yh ydroxide. 
Infra red (m) analysis 
Infra red studies on freeze dried AlO(OH) and BaSOJAIO(OH) were carried out by a 
FfIR (Perkin Elmer 2000) spectrometer. BaS04 at two different concentration in 
AlO(OH) was analysed and compared with AlO(OH). Infrared analysi how the 
vibration bands of the hydroxyl group between 3700-2800 em-I and tretching band 
between 1110-900 em-I in both AlO(OH) and BaS04 in AIOOH (Figure 5.33). The IR of 
AIOOH and BaS04 in AlO(OH) does not show any obviou difference that i probably 
due to the fact that BaS04 is embedded in AIO(OH). 
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Figure 5.33 Infra red (IR) of (a) AlO(OH), (b) and (c) (4 Ilmol/5cm3) and (6 Ilmol/5cm3) 
BaS04 in AlO(OH) respectively 
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5.3.6 Comparison between barium sulphate (BaS04) in boehmite 
and StOber silica sols 
This thesis also includes the preparation of BaS04 in StOber silica sol (see below); but due 
to the fact that the formation of the BaS04 in the surface of StOber silica was produced by 
the addition of the SO/- into the Ba2+/Si02 sol (Table 5.9 ), this was found to be 
unpractical in the case of our study. In other words it is not possible in reality (in 
reservoir) to form Ba2+ in Stober silica prior to the addition of sulphate ions, unlike the 
case where the SO/-/AlO(OH) sol was added to the Ba2+ ions inside the reservoir (Figure 
5.34). Figure 5.34 shows the suggested procedure for oil recovery using AIO(OH) before 
pumping the sea water (containing SO/-) into the reservoir to maintain the pressure inside 
the reservoir_ The AIO(OH) sol was added to sea water, so when it comes into contact 
with formation water (rich in Ba2+) Ba2+ will be easily attached to the soi- in the AIOOH 
forming BaS04 colloid. 
Table 5.9 The mechanism sequence of BaS04 sols of AIO(OH) and StOber silica 
BaS04 boehmite sol BaS04 Stober silica sol 
1- Sea water - 1- Sea water -
2-AIO(OH)-
3- AIO(OH)! (SOl)-+ 3- injection into the reservoir -
4- injection into the reservoir - Not practical (Ba2+ are in the reservoir) 
5- AlOOW(SOl)/(Ba21- BaS04 in AIOOH 
It is clear from the sequence in Table 5.9 that AIO(OH) is easily attached to S042- in sea 
water that is due to the positive charge in its surface. After injection, solI AIDOH will 
come into contact with Bi+ in the formation water forming BaSOJAIO(OH) sol. On the 
other hand the StOber silica is attached to Ba2+ rather than to SO/-, That is due to the 
slight negative charge in its surface. Therefore AIOeOH) route was found to be more 
efficient in oil recovery than that of Si02• 
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Figure 5.34 Scheme suggesting the oil recovery using AIO(OH) sol 
5.3.7 Barium sulphate in Stober silica sol 
Brief introduction to Stober Silica 
Controlling the growth of spherical silica particles of uniform size by the hydrolysis of 
alkyl silicates and subsequent condensation of silicic acid in alcoholic solution has been 
discussed by W.Stbber [203]. Ammonia was used as a morphological catalyst. Those 
spherical particles (s ize varies 50-2000 nm) produced were known as StOber silica. Later 
Buning et al. [204] reported a simpler method for the preparation of small silica spheres 
with a diameter of about 32 nm with a well-defined shape and smooth surface. It was 
shown that when StOber silica nanoparticles formed at about pH=1O.5 in aqueous 
ammonia catalysed conditions, there is adsorption of Ba2+(aq) and that the surface Ba2\s) 
reacts with SO/ -(aq) to give BaS0 4 embedded within the Si02 aggregates [203]. This 
mechanism take place as follows: the surface potential on Si02 sols in water is defined 
by protonation-deprotonation equilibria [205]-[206]. As a result the point of zero charge 
(PZC) (pH at which the overall surface charge is zero) for the colloidal Si02 is 4.5 so 
above pH 4.5 its surface charge is net negative, such that divalent cations (Ba2+) can 
adsorb easily on silica (see equations (5.11 and 5.12) [205]-[208]. 
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== SiOH +Ba 2+ H== Si -O- .BaOH + +2H + 
Boehmite; its preparation and 
hosting BaS04 nanoparticles 
(5.1 1 ) 
(5 .1 2) 
Then by reacting with sol , BaS04 will be formed on the StOber si lica urface. 
5.3.8 Results and discussion of barium sulphate (BaS04) in Stober 
silica 
Transmission electron microscope (TEM) analy is ha demonstrated that synthe i ed 
monodispersed spherical ilica izes varied between 8-] 5 nm (Figure 5.35), EOX proved 
those spherical haped particle to be ilica (see Figure 5.36). 
Figure 5.35 Transmi ion electron microscope (TEM) of Stober silica size 8-15 nm 
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Figure 5.36 Energy di persive X-ray analysis (EDX) of StOber ilica 
The percentage table of electron diffraction elemental analy is proved that the atomic % 
of oxygen is twice a much as ilicon (Table 5.10). 
Table 5.10 Stober ilica element found by energy di persive X-ray analy is (EDX) and 
their weight and atomic percentage . 
Element Weight % Atomic % 
Carbon 23.06 33 . IO 
Oxygen 42.45 45.73 
Silicon 34.49 21 .17 
Total 100 % 
Transmis ion electron microscope (TEM) of BaS04 in Stober ilica proved that BaS04 
particle size in silica sol varies between 7-37 nm (Figure 5.37); wh ich is larger in ize 
than StOber silica on it own (8-15 nm). This result indicates that BaS0 4 was formed 
some how on the surface of the StOber ilica [208]. 
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Figure 5.37 Transmission electron microscope (TEM) of BaS04 in Stober silica (size 7-
37 nm) 
5.4 Conclusion 
Very tiny barium ulphate nanoparticle were produced uccesfully. The nanoparticle 
were embedded in boehmite 01. Barium ion from barium solution wa added to ulphated 
boehmite forming BaS04 nanpparticles. The nanoparticle were found to be very small in 
size (1-3 nm) aggregating fomting a bigger particle (140 nm). The method wa found to 
be theoretically more practical than the StOber silica method (see ection 5.3.6). A a 
conclusion barium sulphate embedded in boehmite was the most appropriate method than 
the microemul ion and colloidal routes. BaS04 nanopartiucles in boehmite wa used in 
applications in the next chapter. 
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6 Applications 
This chapter demonstrates the applications of barium sulphate nanoparticles embedded in 
boehmite sol. The applications include scale inhibition. contrasting agent and catalysis. 
6.1 Introduction 
The most important applications of the present work are on BaS04 scale inhibition [210]. 
This study has involved the determination of the effect of the presence of poly-phosphino 
carboxylic acid (PPCA) inhibitors (mentioned in section 3.2.3) on the precipitation rate of 
BaS04. The rate of BaS04 precipitation was studied at three different temperatures (278 
K, 323 K and 368 K). Inductively coupled plasma-Mass spectromter (ICP-MS) was used 
to determine Ba concentration. Graham et al. [210] mentioned a small decrease in barium 
concentration at high PPCA concentration (4 ppm) at 278 K. while at intermediate levels 
of inhibitor (0.8 -1 ppm) BaS04 precipitation was less controlled than with 4 ppm 
inhibitor present. Nevertheless. the work shows a reduction in the extent of precipitation 
compared with the uninhibited bulk process. At higher temperatures (323 and 368 K) a 
much faster decrease in [Ba2j was observed than that at 278 K. After 22 h. the amount of 
[Ba2+] remaining in solution was found to be the greatest at 368 K. followed by 323 K 
and the lowest at 278 K. This outcome agrees with the thermodynamic consideration of 
the precipitation process where the super-saturation ratio increases as the temperature 
decreases. 
He et al. [211] predicted the inhibitor efficiency of BaS04 scale control using a semi-
empirical mathematical model. The model incorporated experimental data on the kinetics 
of nucleation and inhibition. Specifically. the induction period in the presence and 
absence of scale inhibitors was measured experimentally and the input was introduced 
into the model: 
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(6.1) 
In equation 6.1 Cinh is the inhibitor concentration, tinh is the inhibition time (e.g., 20 min), 
to is the nucleation induction period of the scaling mineral crystal, and b is the inhibitor 
efficiency. Graham et al. [212] reported earlier that the scale inhibition efficiency of 
BaS04 is normally measured in bulk jar tests, determining the minimum inhibitor 
concentration (MIC), which gives some acceptable levels of inhibition (e.g. 95 % in 2 h). 
This test mainly refers to the bulk precipitation of barite scale from solution, rather than 
its deposition onto a mineral or a metal surface. 
Although scaling problems are normally associated with the deposition of scale onto 
pipes or equipment surfaces, studies of surface scaling have received much less attention 
than studies of bulk precipitation processes. Recently some research groups' [213]-[214] 
have paid attention to scale deposition onto tubular or equipment surfaces. These studies 
of surface scaling have displayed the following points: (i) scale inhibition efficiency 
varies between surface and bulk processes, (ii) the effect of inhibitor on the crystal 
morphology varies between surface and bulk processes, and (iii) surface scaling can 
surprisingly be promoted by the addition of inhibitor at sub-minimum concentrations. 
Since most of the work on BaS04 scaling has concentrated on the use of beaker tests to 
analyse the morphology of crystals and assess the role of inhibitors, Morizot and Neville 
[215] undertook a comparison of the characteristics of BaS04 scale formation in· a bulk 
solution and at a solid surface. That study presented results using an electrochemical 
technique to investigate the extent of scale formed at a solid surface. The electrochemical 
based technique was combined with measurements of the bulk precipitation to investigate 
the precipitation/deposition of BaS04 in uninhibited and inhibited (poly 
phosphinocarboxylic acid (PPCA» solutions. In this work the electrochemically-active 
rotating disk electrode (RDE) was used as the surface onto which scale deposited and 
from which the scale deposition was quantified. 
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As scale deposits, the active surface area must charge from its initial value of the bare 
electrode (Ai) to the final value (Af) (Figure 6.1). 
Electrode 
tip 
A, 
A, - Unsealed: fully 
active surface 
Scale crystals O2 
DepOSition > 
Inactive surface 
by presence of 
crystal 
At 
-. 
• •• 
-
At - Scaled: partially 
active surface 
Figure 6.1 Schematic repre entation of an active surface area before and after cale 
deposition [215] 
To compare the characteristics of BaS04 scale formation in uninhibited and inhibited 
solutions, the electrochemical assessment of the cale was u ed in conjunction with bulk 
chemistry measurements. Morizot and Neville [215] differentiated "precipitation" (which 
refers to the phenomenon occurring in the bulk olution) from "depo ition" which relate 
to scale formation onto the metallic surface) (Figure 6.2). 
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Figure 6.2 Precipitation/deposition apparatus used in reference[215] 
Immersion of the sample electrode was performed in a ].5 dm3, double-walled, Pyrex 
vessel, where temperature was regulated by circulating water upplied from a thermo tat 
at 298 K (± 0.5 K, Figure 6.3). The super aturated olution of BaS04 with NaCl wa 
prepared by adding a stock solution of Na2S04 (50 cm3) in a stock olution of BaCh (1.5 
dm3) at a flow rate of 6 cm3lInin. Stock olutions were made by dis olving reagent- grade 
Na2S04 (150 mg/dm\ and BaCh·2H20 (300 mg/dm3) in distilled water. Stock solution 
then were filtered through 2.5 flm paper filter to minimize the effect of insoluble 
particles. These solutions were maintained at the de ired temperature and buffered at pH 
7.5 prior to use. Concentrations of both ions were typical of the compo ition of formation 
and injection waters in North Sea oil wells. Moreover, the experimental etup, which 
involved the meeting of the two olution at a point very clo e to the electrode, modelled 
the junction between two incompatible waters (a experienced in real oil well proce ing 
conditions). RDE samples were immersed in the BaCh solution. Then the Na2S04 
solution was added at a rate of 6 cm3/min. Electrode sample were immersed at all time. 
All precipitation and deposition experiments were carried out in triplicate. Turbidity 
measurements were carried out at everal interval (one measurement every 30 s for the 
first 10 min and then one every 10 min for the remainder of the experiment) during the Ih 
experiments u ing a light spectrophotometer. The amount of precipitate in the bulk 
solution after 1 h was determined by filtration of the bulk solution. The influence of 
polyphosphinocarboxylic acid (PPCA) scale control inhibitor was studied. The inhibitor 
was added in both stock solution . RDE specimen after polishing, cleaning, and initial 
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electrochemical analysis were immersed in the BaCtz solution containing 25, 50, and 100 
ppm inhibitor. After 1 h, the electrodes were removed, rinsed with ethanol (C2HsOH) and 
water, analyzed by the electrochemical technique. The organic solvent removed all traces 
of inhibitor from the RDE. Control experiments on clean, unexposed electrodes 
confirmed that the rinsing had no effect on the electrochemically active surface of the 
electrodes. The same analyses of the bulk and surface scaling characteristics were carried 
out on the uninhibited solution as described previously. All precipitation/deposition 
experiments were carried out in triplicate. 
The effect of inhibitor on precipitation in the bulk solution was determined by the 
induction period: induction period (tind), defined as the time between the start of sulphate 
addition and the first observed change in turbidity. Generally, the solution remained clear 
until a rapid increase in turbidity occurred after tind. The turbidity curves for the four 
amounts of inhibitors showed substantial influence of inhibitor on bulk precipitation. tind 
was estimated to be 1.0 (± 0.5) min and 4.0 (± 0.5) min for 0 ppm and 25 ppm PPCA, 
respectively. Forthe 50 and 100 ppm inhibited solutions, no precipitation was observed 
for the entire 1 h period. Solutions after 1 h was still clear, and the absorbance remained 
constantly low (Table 6.1 and Figure 6.3). 
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Figure 6.3 (a) Turbidity of the bulk solution versus time. (b) Expanded portion of Figure 
6.3 (a) for the period covering the first 10 min [215] 
Table 6.1 Amount of precipitate after 1 h in the uninhibited and inhibited solutions 
Amount of inhibitor (ppm) o 25 50 100 
Amount of precipitate (mg) 200± 10 120 ± 10 25 ± 5 II ± 5 
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The precipitation was quantified by measurement of the amount of precipitate produced 
in the bulk solution after 1 h (Table 6.1). As expected, the amount of precipitate present 
after 1 h decreased as the amount of inhibitor present in the solution increased. 
Morizot and Neville [215] observed significant differences in the efficiency and 
mechanisms of inhibition in the bulk solution and at the surface. A comparison of tind and 
the amount of precipitate for only the uninhibited solution and the 25 ppm inhibited 
solution showed that both parameters decreased when the amount of PPCA increased. 
This observation partially supports the mechanism of PPCA-inhibition on the 
precipitation suggested by Sarig [112]. He stated that inhibitor molecules could act as 
"centres of nucleation" that chelate the scaling ions to form a cluster. This process 
reduces the bulk supersaturation of the solution, by effectively removing the scaling ions 
from the solution. It was noticed that the addition of a high concentration of inhibitor 
PPCA effectively delayed precipitation in the bulk solution. An opposing behaviour of the 
inhibitor was observed on surface deposition. The addition of 25 ppm PPCA significantly 
increased the surface scale coverage; and higher (50 and 100 ppm) concentrations gave 
results comparable to the uninhibited case. This could be explained by the inter-
relationship between bulk precipitation and surface (heterogeneous) scaling. Visual 
observations of RDE samples in the first minutes of sulphate addition showed that scale 
deposition occurred immediately after sol- addition, when the S042- concentration was 
locally high at the surface of the electrode. The increase of tind from the uninhibited 
solution to the 25 ppm inhibited solution explained the larger amount of crystals observed 
at the surface in the latter solution. In the presence of the inhibitor, the precipitation took 
more time to initiate and more Ba2+ and sol ions were available at the surface. In the 
presence of 50 ppm and 100 ppm PPCA, the large amount of inhibitor influenced the 
precipitation and deposition kinetics by chelating both scaling ions. Consequently, the 
extent of scale was lower in both cases compared to the 25 ppm PPCA inhibited solution. 
Figure 6.4 allows a comparison of bulk precipitation and surface deposition Figure 6.4 
above shows the amount of deposited and precipitated BaS04. normalized against the 
maximum value, as a function of the amount of PPCA present in the solution. Although 
the inhibition of precipitate from the bulk solution was efficient, the influence of PPCA 
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on the surface deposition was less. This figure shows the clear advantage of combining 
deposition studies by the electrochemical technique directly on the metal surface over 
traditional studies of the precipitation in the bulk solution [215] . 
• Scale coverage 100 I 
Amount of precipitate 
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Figure 6.4 Rel ative amount of BaS04 deposited at the surface and precipitated in the 
sol ution [215] 
In this work scaling was tested initially in both inhibited (D2068 and microemulsion) and 
non-inhibited BaS04 using AA, then scaling test extended to BaS04 hosted in Stober 
silica using ICP-MS at different Na2S04:BaCh ratios. Finally testing scale levels in 
BaS04 hosted in water-borne boehmite at two different temperatures (298 and 320 K) and 
2+ . different Ba concentratIOn. 
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6.2 Experimental 
6.2.1 Barium ion selective electrode (lSE) calibration 
Barium ion concentration was measured potentiometrically as follows: a mixture (1) of 
the ionic strength adjuster (0.5 cm3, 4 M lithium chloride) and deionised water (25 cm3), 
obtained from a Milli-Q water purification system, was placed in a thermostat bath 
circulating a plug water vessel jacket to maintain the temperature at 298 K and 320 K. A 
magnetic stirrer (70 rpm) was used to keep the sol homogeneous through out the 
experiment. Volumes (0.01,0.02, 0.03, etc. and 0.11 cm3) of a stock solution of Ba ISE 
calibration solution (1000 ppm) was injected into the previous mixture. A calibaration 
curve for the barium electrode was performed following Nemest equation: 
RT 
E = const.+ -log a BaZ+ 
nF 
(6.2) 
In equation 6.2, R, T, F, n and a denote the gas constant (8.314 J Kl mor i ), the absolute 
temperature (K), the Faraday constant (96487 C morl), the number of electrons involved 
in the reaction and the activity of the barium ion respectively. 
Millivolts (m V) were then recorded from an attached 3345 JENW A Y ion meter (Figure 
6.5) which was placed on an Excel spread sheet (Table 6.2 and 6.3). 
2 V .. ABa]xl000(stockso[utionconcentration) (6.3) 
[Ba +](ppm) V ( ) 
t acc 
In equation 6.3: Vad [Bal is the volume of the aqueous solution of the Ba2+ ion selective 
electrode calibration solution (1000 ppm), Vad (acc) is the volume accumulated in the 
mixture I,V, (acc) is the total volume accumulated in mixture I, mV is millivolts, [Ba2+] 
(ppm) is calculated from equation 6.3. Log [Ba2+] is calculated using the calibration 
equation 6.4 at 298 K or equation 6.4 at 320 K (Figures 6.6 and 6.7). 
y =25.109x-83.90 
y =22.939x-I13.59 
(6.4) 
(6.5) 
In equations 6.4 and 6.5, x and yare in mV and log [Ba2+] in the barium ISE calibration 
plot (Figure 6.6 and 6.7) at 298 K and 320 K respectively. Equations 6.4 and 6.5 show 
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that a linear relationship is obtajned between the potential (m V) and log [Ba2+] (Nemest 
equation 6.2) . 
Figure 6.5 Barium ion selective electrode together with ion meter and the closed system 
used for BaS04 scale measurements at 298 and 320 K 
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Figure 6.6 Calibration plot of Ba ion selective electrode (lSE) at 298 K showing the mV 
against log [Ba2+] 
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Table 6.2 Barium ion electrode calibration spread sheet at 298 K 
V"" (Ba) v"" (ace) V.(acc) [Ba11 (ppm) log [8al +] mV 
om om 25.01 0.40 -0.40 -81.9 
0.01 0.02 25.02 0.80 -0.10 -79.3 
0.01 0.03 25.03 1.20 0.08 -77.4 
0.02 0.05 25.05 2.00 0.30 -73.9 
0.02 0.07 25.07 2.79 0.45 -71.5 
0.02 0.09 25.09 3.59 0.55 -69.4 
0.03 0.12 25.12 4.78 0.68 -66.8 
0.03 0.15 25.15 5.96 0.78 -64.7 
0.03 0.18 • 25.18 7.15 0.85 -62.8 
0.04 0.22 25.22 8.72 0.94 -60.9 
0.04 0.26 25.26 10.29 1.01 -59.1 
0.04 0.3 25.3 11.86 1.07 -57.8 
0.05 0.35 25.35 13.81 1.14 -56.2 
0.05 0.4 25.4 15.75 1.20 -54.6 
0.05 0.45 25.45 17.68 , 1.25 -53.4 
0.06 0.51 25.51 19.99 1.30 -52 
0.06 0.57 25.57 22.29 1.35 -50.7 
0.06 0.63 25.63 24.58 1.39 -49.6 
0.07 0.7 25.7 27.24 1.44 -48.4 
0.07 0.77 25.77 29.88 1.48 -47.1 
0.07 0.84 25.84 32.51 1.51 -46.3 
0.08 0.92 25.92 35.49 1.55 -45.4 
0.08 1 26 38.46 1.59 -44.2 
0.08 1.08 26.08 41.41 1.62 -43.5 
0.09 1.17 26.17 44.71 1.65 -42.7 
0.09 1.26 26.26 47.98 1.68 -41.7 
0.09 1.35 26.35 51.23 1.71 -40.8 
0.1 1.45 26.45 54.82 1.74 -40.1 
0.1 1.55 26.55 58.38 1.77 -39.4 
0.1 1.65 26.65 61.91 1.79 -38.9 
0.12 1.77 26.77 66.12 1.82 -38.1 
0.12 1.89 26.89 70.29 1.85 -37.4 
0.12 2.01 27.01 74.42 1.87 -36.5 
0.14 2.15 27.15 79.19 1.90 -36 
0.14 2.29 27.29 83.91 1.92 -35.2 
0.14 2.43 27.43 88.59 1.95 -34.5 
0.16 2.59 27.59 93.87 1.97 -33.8 
0.16 2.75 27.75 99.10 2.00 -33.1 
0.16 2.91 27.91 104.26 2.02 -32.8 
0.17 3.08 28.08 109.69 2.04 -32.1 
0.17 3.25 28.25 115.04 2.06 -31.5 
0.17 3.42 28.42 120.34 2.08 -30.3 
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Table 6.3 Barium ion electrode calibration spread sheet at 320 K 
VIId(Ba) V lid (ace) V,(aee) [Ba21 (ppm) Log [Ba21 mV 
om om 25.01 0.40 -0.40 -111.1 
om 0.02 25.02 0.80 -0.10 -109 
0.01 0.03 25.03 1.20 0.08 -107.7 
0.02 0.05 25.05 2.00 0.30 -105.6 
0.02 0.07 25.07 2.79 0.45 -103.4 
0.02 0.09 25.09 3.59 0.55 -101.7 
0.03 0.12 25.12 4.78 0.68 -99.1 
0.03 0.15 25.15 5.96 0.78 -96.9 
0.03 0.18 25.18 7.15 0.85 -95.2 
0.04 0.22 25.22 8.72 0.94 -93.2 
0.04 0.26 25.26 10.29 1.0\ -91.4 
0.04 0.3 25.3 11.86 1.07 -89.8 
0.05 0.35 25.35 13.81 1.14 -88.3 
0.05 0.4 25.4 15.75 1.20 -86.8 
0.05 0.45 25.45 17.68 1.25 -85.7 
0.06 0.51 25.51 19.99 1.30 -84.4 
0.06 0.57 25.57 22.29 1.35 -83.2 
0.06 0.63 25.63 24.58 1.39 -81.9 
0.07 0.7 25.7 27.24 1.44 -81.1 
0.07 0.77 25.77 29.88 1.48 -79.9 
0.07 0.84 25.84 32.51 1.51 -78.8 
0.08 0.92 25.92 35.49 1.55 -77.8 
0.08 1 26 38.46 1.59 -77.1 
0.08 1.08 26.08 41.41 1.62 -76.4 
0.09 1.17 26.17 44.71 1.65 -75.6 
0.09 1.26 26.26 47.98 1.68 -74.7 
0.09 1.35 26.35 51.23 1.71 -74.1 
0.1 1.45 26.45 54.82 1.74 -73.1 
0.1 1.55 26.55 58.38 1.77 -72.4 
0.1 1.65 26.65 61.91 1.79 -71.9 
0.11 1.76 26.76 65.77 1.82 -71 
0.11 1.87 26.87 69.59 1.84 -70.3 
0.11 1.98 26.98 73.39 1.87 -69.5 
0.12 2.1 27.1 77.49 1.89 -69.2 
0.12 2.22 27.22 81.56 1.91 -69 
0.12 2.34 27.34 85.59 1.93 -68.7 
0.13 2.47 27.47 89.92 1.95 -68.5 
0.13 2.6 27.6 94.20 1.97 -68.3 
0.13 2.73 27.73 98.45 1.99 -68 
0.14 2.87 27.87 102.98 2.01 -67.7 
0.14 3.01 28.01 107.46 2.03 -67.4 
0.14 3.15 28.15 111.90 2.05 -67.3 
0.15 3.3 28.3 116.61 2.07 -66.9 
0.15 3.45 28.45 121.27 2.08 -66.3 
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Figure 6.7 Calibration plot of Ba ISE at 320 K showing the mV again t log [Ba2+] 
6.2.2 Determination of the scale inhibition efficiency of BaS04 in 
H20 and AIOOH at 298 K without agitation 
The procedure of cale inhibition efficiency wa carried out in this study a fo llow: a 
mixture of the ionic strength adjuster (0.5 cm3. 4 M lithium chloride) and deioni ed water 
(25 cm3) (obtained from a Milli-Q water purification sy tern) wa placed in a thermo tat 
bath circulating plug water yes el jacket (Figure 6.5) to mai ntain the temperature at 298 
K. A magnetic stirrer wa u ed to keep the sol homogeneou through out the ex periment. 
Separately four different ols containing BaS04 (64 and 121 ppm) were prepared in H20 
and AlO(OH) were placed in a water bath wi thout agitation at 298 K. Each of these 
mixtures (0.1 cm3) was injected to the mixture in the ve sel jacket (mixture 1)) and their 
concentrations were determined by potentiometry using an ion selecti ve electrode for a 
period of 30 min during 6 h. The experiment wa carried out immedi ately after 
calibration. The Ba2+ ion concentration wa then calculated using an Excel pread heet, 
BaS0 4 (121 ppm) in AIO(OH) sol (mixture 2) wa used as an example, Table 6.3. 
Samples in mixture 2 were prepared as mentioned in ection 5.2.2. The actual Ba 
concentration wa calculated u ing equation 6.6: 
[8a]diL(ppm) x V, (ace) 
[Ba 2+](ppm)= V ( ) 
ad ace 
(6.6) 
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Table 6.4 lists the BaS04 sol (mixture 2) added to the water jacket vessel containing ISA 
(LiCl) 0.5 cm3 in water 25 cm3 (mixture 1) each 30 min. In equation 6.5: Vad [Ba] denotes 
the volume added each 30 min from mixture 2 to mixture 1, where Vad (ace) is the volume 
accumulated in mixture 1, V, (ace) is the total volume accumulated in mixture 1, mV 
denotes millivolts, log [Ba2+] is calculated from the calibration equation (equation 6.3). 
The [Ba2+] dil (ppm) was calculated from diluted [Ba2+] in mixture 1 multiplied by the 
total volume accumulated in mixture 1 the outcome was then divided by the BaS04 
volume added from mixture 2. The [Ba2~ (ppm) in the column shows that its 
concentration is reduced with each addition; due to the gradual precipitation of BaS04. 
These results indicate that nucleation and growth of BaS04 is a time dependent 
mechanism. 
Table 6.4 Excel spread sheet showing the calculations used to measure [Ba2+] 
Time V ... [Ba] V ... (ace) V,(aee) mV log [Ba'+] [8a'+] dil (ppm) [8al +] (ppm) 
(min) 
0 
30 
60 
90 
120 
150 
180 
210 
240 
270 
300 
330 
360 
390 
0.1 0.1 25.1 -92 -0.32 0.48 119.42 
0.1 0.2 25.2 -88.8 -0.20 0.64 80.39 
0.1 0.3 25.3 -86.3 -0.10 0.80 67.67 
0.1 0.4 25.4 -84.3 -0.02 0.96 61.21 
0.1 0.5 25.5 -82.6 0.05 1.13 57.46 
0.1 0.6 25.6 -81.6 0.09 1.23 52.69 
0.1 0.7 25.7 -80.4 0.14 1.38 50.61 
0.1 0.8 25.8 -79.4 0.18 1.51 48.72 
0.1 0.9 25.9 -79.1 0.19 1.55 44.69 
0.1 1 26 -78.1 0.23 1.70 44.26 
0.1 1.1 26.1 -77.2 0.27 1.85 43.86 
0.1 1.2 26.2 -76.8 0.28 1.92 41.87 
0.1 1.3 26.3 -76.1 0.31 2.04 41.37 
0.1 1.4 26.4 -75.7 0.33 2.12 40.00 
6.2.3 Determination of the scale inhibition efficiency of BaS04 in 
H20 and AIOOH at 320 K without agitation 
This experiment took place exactly as mentioned in section 6.2.2 the only difference is 
that the water vessel jacket temperature was maintained at 320 K. The Ba2+ ion 
concentration was then calculated using an Excel spreadsheet, (121 ppm BaS04 in 
AIO(OH) sol at 320 K (mixture 2) was used as an example, Table 6.5). Samples in 
mixture 2 were prepared as previously mentioned in section 5.2.2. The calculations of the 
Ba2+ ion concentration was carried out as described in section 6.2.2. 
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Table 6.5 Excel spreadsheet showing the calculations used to measure [Ba2i in 121 ppm 
BaS04 in AIOOH at 320 K without agitation 
Time V..s (Ba) V..s (acc) V, (acc) (min) mV log [Ba2+] [Ba~ dil (ppm [Ba
21 (ppm) 
0 0 0 25 0 0.00 0.00 0.00 
0 0.1 0.1 25.1 -95.5 -0.46 0.35 86.63 
30 0.1 0.2 25.2 -94.3 -0.41 0.39 48.55 
60 0.1 0.3 25.3 -94.3 -0.41 0.39 32.49 
90 0.1 0.4 25.4 -93.9 . -0.40 0.40 25.38 
120 0.1 0.5 25.5 -94.5 -0.42 0.38 19.29 
150 0.1 0.6 25.6 -94.1 -0.41 0.39 16.74 
180 0.1 0.7 25.7 -94.2 -0.41 0.39 14.28 
210 0.1 0.8 25.8 -93.4 -0.38 0.42 13.50 
240 0.1 0.9 25.9 -93.7 -0.39 0.41 11.72 
270 0.1 1 26 -93.7 -0.39 ·0.41 10.58 
300 0.1 l.l 26.1 -93 -0.36 0.43 10.30 
330 0.1 1.2 26.2 -92.3 -0.33 0.46 10.11 
360 0.1 1.3 26.3 -92.3 -0.33 0.46 9.36 
6.2.4 Determination of the scale inhibition efficiency of BaS04 in H20 
and AIOOH at 298 K with agitation 
As previously mentioned of ionic strength adjuster (0.5 cm30f 4 M lithium chloride in 
de ionised water 25 cm3 (obtained from a Milli-Q water purification system) was placed in 
a thennostat bath circulating plug water vessel jacket (Figure 6.5) to maintain the 
temperature at 298 K. A magnetic stirrer was used to keep the sol homogeneous through 
out the experiment. Three different concentrations sols of BaS04 (64, 90 and 121 ppm) 
(prepared in H20 and AIOOH separately as mentioned in section 5.2.2) were then placed 
in a water bath with agitation at 298 K. A volume (0.1 cm3) of each of these mixtures was 
injected separately to the mixture in the vessel jacket (mixture 1) and their concentration 
was detennined by potentiometry using ion selective electrode each 30 min for a period 
of 6 h. The experiment was carried out immediately after the calibration of the electrode. 
The Ba2+ ion concentration was then calculated using an Excel spreadsheet; (121 ppm 
BaS04 in AIO(OH) sol at 298 with agitation) mixture 2 was used as an example, Table 
6.6). The calculations of the Ba2+ ion con~entra~ion were carried out as previously 
described in section 6.2.2. 
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Table 6.6 Excel spreadsheet showing the calculations used to measure [Ba2i in 121 ppm 
BaS0 4 in water-borne boehmite at 298 K with agitation 
Time V ... (Ba) V ... (ace) VI (ace) mV log [8a~ [8a21 dil (ppm [8a~ (ppm) (min) 
0 0.1 0.1 25.1 -98.1 -0.57 0.27 68.26 
30 0.1 0.2 25.2 -95.6 -0.47 0.34 43.09 
60 0.1 0.3 25.3 -93.7 -0.39 0.41 34.33 
90 0.1 0.4 25.4 -91.8 -0.31 0.48 30.77 
120 0.1 0.5 25.5 -90.1 -0.25 0.57 28.88 
150 0.1 0.6 25.6 -88.5 -0.18 0.66 . 27.98 
180 0.1 0.7 25.7 -88.2 -0.17 0.67 24.75 
210 0.1 0.8 25.8 -87.1 -0.13 0.75 24.05 
240 0.1 0.9 25.9 -85.9 -0.08 0.S3 23.96 
270 0.1 I 26 -85.2 -0.05 0.S9 23.0S 
300 0.1 1.1 26.1 -S3.9 0.00 1.00 23.73 
330 0.1 1.2 26.2 -83.4 0.02 1.05 22.86 
360 0.1 1.3 26.3 -83.3 0.02 1.06 21.38 
6.2.5 Determination of the scale inhibition efficiency of BaS04 in 
H20 and AIO(OH) at 320 K with agitation 
As mentioned previously in section 6.2.4 the only difference is that the water vessel 
jacket temperature was maintained at 320 K. The Ba2+ ion concentration was then 
calculated using an Excel spreadsheet, (BaS04 121 ppm in AIO(OH) sol at 320 K with 
agitation (mixture 2) was used as an example. Table 6.7). Samples in mixture 2 were 
prepared as previously mentioned in section 5.2.2. The calculations of Ba2+ ion 
concentration was carried out as previously described in section 6.2.2. 
Table 6.7 Excel spread sheet showing the calculations used to measure [Ba2+] in 121 
ppm BaS04 in water-borne boehmite at 320 K with agitation 
Time V ... (Ba) V ... (ace) VI (ace) mV log [8a2+] [8a2+] dil (ppm [8a21 (ppm) (min) 
0 0.1 0.1 25.1 -99.1 -0.61 0.25 62.27 
30 0.1 0.2 25.2 -97.4 -0.54 0.29 36.54 
60 0.1 0.3 25.3 -96.2 -0.49 0.32 27.30 
90 0.1 0.4 25.4 -94.6 -0.43 0.37 23.80 
120 0.1 0.5 25.5 -94.3 -0.41 0.39 19.65 
150 0.1 0.6 25.6 -93.8 -0.39 0.40 17.21 
ISO 0.1 0.7 25.7 -93.8 -0.39 0.40 14.81 
210 0.1 0.8 25.8 -94 -0.40 0.40 12.77 
240 0.1 0.9 25.9 -93.2 -0.37 0.43 12.27 
270 0.1 I 26 -92.5 -0.34 0.45 11.82 
300 0.1 1.1 26.1 -91.9 -0.32 0.48 11.39 
330 0.1 1.2 26.2 -91.9 -0.32 0.48 10.48 
360 0.1 1.3 26.3 -91.9 -0.32 0.48 9.71 
211 
Chapter 6 Applications 
6.2.6 Determination of the solubility of extra pure, commercial and 
a prepared sample of BaS04 in H20 
A suspension of air white A W2 BaS04 sample purchased from Viaton was prepared. 
AW2 BaS04 (0.02 moles, 200 em3) was suspended in deionized H20 (obtained from a 
Milli-Q water purification system) and allowed to stir (360 rpm) in a water bath at 298 K 
(mixture A). Simultaneously a mixture of Ba strength adjuster (0.5 cm3, 4 M LiCl) in H20 
(25 cm3) was placed in a plugged water jacket vessel (B) at 298 K. 0.1 cm3 of solution 
(A) was pipetted into mixture (B) each 30 min for a period of 6h. Similarly an extra pure 
BaS04 suspension was prepared (0.02 moles, 200 cm3) in deionized H20 (obtained from a 
Milli-Q water purification system). The suspension was allowed to stir (360 rpm) in a 
water bath at 298 K (mixture A). Simultaneously a mixture of Ba strength adjuster (0.5 
cm3, 4 M LiCl) in H20 (25 em3) was placed in a plugged water jacket vessel (B) at 298 
K. 0.1 em3 of solution (A) was pipetted into mixture (B) each 30 min for a period of 6h. 
A sample BaS04 was prepared by mixing 0.1 M BaCh (0.01 moles, 100 em3) and Na2S04 
(0.01 moles, 100 em3) 1:1 ratio (mixture A). Simultaneously a mixture of Ba strength 
adjuster (0.5 em3, 4 M LiCl) in H20 (25 em3) was placed in a plugged water jacket vessel 
at 298 K. 0.1 em3 of solution (A) was pipetted into mixture (B) each 30 min for a period 
of 6h. The calculations of Ba2+ ion concentration was carried out as previously described 
in section 6.2.2. Table 6.8 shows the calculations of Ba2+ concentration in a BaS04 121 
ppm) in AIOOH solutions as an example. 
Table 6.8 Excel spread sheet showing the calculations used to measure [Ba2+] in 121 
ppm BaS04 in water-borne boehmit~ at 320 K with agitation 
Time V ... (Ba) V ... (ace) Vt(aee) mV log [8a~ [8a2+] dil (ppm [8a2+] (ppm) (min) 
0 0.1 0.1 25.1 -108.9 -0.17 0.68 171.47 
30 0.1 0.2 25.2 -109.4 -0.18 0.65 82.29 
60 0.1 0.3 25.3 ·109.7 -0.20 0.64 53.62 
90 0.1 0.4 25.4 ·110.2 -0.22 0.61 3S.60 
120 0.1 0.5 25.5 ·110 ·0.21 0.62 31.56 
150 0.1 0.6 25.6 ·110 -0.21 0.62 26.40 
ISO 0.1 0.7 25.7 ·110 -0.21 0.62 22.72 
210 0.1 0.8 . 25.8 ·110.5 -0.23 0.59 19.08 
240 0.1 0.9 25.9 -110.4 -0.22 0.60 17.1S 
270 0.1 I 26 ·110.3 -0.22 0.60 15.66 
300 0.1 1.1 26.1 ·110.3 -0.22 0.60 14.29 
330 0.1 1.2 26.2 -110.3 -0.22 0.60 13.15 
360 0.1 1.3 26.3 -llO.4 -0.22 0.60 12.0S 
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6.2.7 Determination of the optimum diagnosis for BaS04 in AIOOH 
using 2·D imaging 
BaS04 (121 ppm) in AIO(OH): deionised water (1.84 cm\ obtained from a Milli-Q water 
purification system was added to of AIO(OH) (5 cm3) followed by the addition of H2S04 
(0.06 cm3, 0.1 M) followed by the addition of BaCh (0.06 cm3 0.1 M solution. 
Commercial BaS04 (air white AW4) purchased from Viaton (1.17 g) was suspended in 
deionised H20 5 cm3 (obtained from a Milli-Q water purification system). The two 
samples were then placed 11 cm cube cuvettes then exposed to X-ray a Hamamatsu 
L6731 with a Tungsten anode operated at 25 kV. 
6.2.8 Preparation of the catalysts and their catalytic activity tests 
TPOtrPR method 
TPR method was performed as follows: an amount of solid sample (Ag20 standard, 
freeze dried AIO(OH) and BaSOJAIOOH) between 0.4 g and 0.5 g at 298 K was 
subjected to a temperature ramp of 10 Klmin up to 873 K while a stream containing H2 
5% in Ar was passed at a flow-rate of 50 cm3/min. A cold trap (a slurry mixture of liquid 
N2 and 2-propanol) was used to prevent reaction products (mostly water) from reaching 
the detector. 
The three catalysts based in water-borne boehmite were prepared as follows: 
~ BaC20 4 in AIOOH (5 % BaC20JAIOOH): To AIOOH (50 cm3) water (18.4 cm3) 
was added under moderate stirring, H2C20 4 (0.6 cm3, 0.1 M) was added followed 
by the addition of BaCh (0.6 cm3, 0.1 M). Dried samples were prepared by 
freezing the sol at 248 K for 5 hours followed by drying at 248 K for 48 h. 
~ BaC20J(PtCI6)2. in AIOOH (5 % BaPtlAIOOH): (PtC~)2- was doped in oxalated 
AIOOH. This step was carried out by adding PtCI6(N~h ammonium 
hexachloroplatinate(IV) (0.3 cm3, 0.1 M) to BaC20JAIOOH prepared similar to 
previously except from adding BaCh (0.3 em3, 0.1 M). 
~ BaC20 J(AuC4t in AIOOH (5 % BaAulAIOOH): was prepared similar to (5 % 
BaPtI AIOOH) except that HAuC4.3H20 (Hydrogen tetra chloro Aurate tri 
hydrate) was used instead of ammonium hexachloroplatinate. 
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The prepared catalysts as were then analysed by DLS, STEM, TGA, FfIR and XRD after 
freeze drying at 248 K in a Freeze Dryer Modulyo at 248 K pressure 4xlO-3 MPa. 
6.3 Results and Discussion 
6.3.1 Comparison of BaS04 Scale inhibition efficiency in bulk, 
phosphinocarhoxylic acid (D2086) and microemulsions 
Determination of scale prevention in BaS04 inhibited by phosphinocarboxylic acid and 
BaS04 TX-loo microemulsion 
Inhibition efficiency of BaS04 inhibited by phosphinocarboxylic acid (D2068) (section 
3.2.3) took place experimentally by measuring the concentration of barium ions [Ba2~ 
using ICP-MS. Inhibition efficiency was compared with BaS04 in TXloo (top layer) 
(section 4.2.7). It was also compared with non inhibited BaS04 prepared by mixing BaCh 
and Na2S04 0.1 M solutions. Table 6.1 represents the initial Ba concentration and Ba 
concentration after inhibition. 
ICP-MS proved that there are no Ba2+ ions in the bottom layer of the Triton X 100 (TX-
100) microemulsion; only 24 % of [Ba2+] was detected in the top layer. This percentage 
was found to be higher than that found in the non-inhibited BaS04 (4.2 %) and extremely 
higher than that found after D2068 inhibition (0.06 %) (Table 6.9). It is quite clear from 
the results obtained above that TXlOO have more inhibition efficiency than (D2068) 
phosphinocarboxylic acid. The unexpected result is that the % of un-inhibited BaS04 
remainder was found to be higher than that inhibited by (D2068) phosphinocarboxylic 
acid. 
214 
Chapter 6 Applications 
Table 6.9 Barium concentration in BaS04 microemulsion, mixture and D2068 solutions 
using inductively coupled plasma-mass spectrometer (ICP-MS) 
Ba:!+ speciesl Conc. in ppm Initial Ba conc. in ppm % of Ba:!+ remaining 
BaS04 in TXlOO 24 50 24 
(top layer) 
BaS04 mixture 21 500 4.19 
(BaCI2+NaS04) 
BaS04-D2068 0.32 500 0.06 
6.3.2 Scale determination of BaS04 in water and water-borne 
boehmite 
The BaS04 scaling rate was measured via assessment of the concentration of Ba2+ using a 
Ba2+ electrode (Jenway ion meter) having a reading range of 0.5-13,700 ppm that was 
permitted to operate at temperatures in the range 298-323 K. Initially 121 ppm of Ba2+ 
concentration was used with (a) SOi-!AIOOH and (b) S042-!water separately, for 
inhibition efficiency determination. The Ba2+ concentration in water and boehmite 
solutions were measured against time (t) during 6 h settled (without agitation) at 298 K. 
Figure 6.8 shows a plot of barium concentration behavior during 6 h after formation of 
BaS04 in both boehmite sol and water at 298 K. Generally the plot shows a big drop in 
[Ba2+] during the first 90 min, but [Ba2J in solution (a) at 0 min showed a 119.4 ppm 
concentration, while Ba in solution (b) at 0 min had 67.7 ppm that means initially half 
fold drop in concentration in solution (b) of the initial concentration. After 90 min the 
[Ba2+] was found to be 61.2 ppm in solution (a) while only 22.9 ppm in solution (b). After 
90 min the drop in concentration was very similar to that after 6 h. After 6 h the [Ba2+] in 
solution (a) was found to be 41.4 ppm while in solution (b) was found to be 6.7 ppm 
(Table A.2 and A.6 in Appendix). 
Secondly, the same previous scale inhibition efficiency procedure was repeated with 
different initial BaS04 concentration (64 ppm) in both solutions (a) and (b). Figure 6.9 
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shows the decrease in [Ba2+] with time for six hour from an initial Ba 64 ppm 
concentration in solutions (a) and (b). 
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Fi~ure 6.8 BaS04 (121 ppm) scaling in water and SOl-IAlO(OH) at 298 K ( I: J 
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Figure 6.9 [Ba2+] from an initial Ba concentration (64 ppm) from Sol -/water and sol-
IAIO(OH) sol at 298 K (1:1 Ba2+:S0 /- ratio) 
In Figure 6.8, tarting with a lower drop in initial concentration of Ba in solution (a) 
(compared to plot 6.9); the plot then remains stable up to 6 h. It i clear from Figure 6.8 
that the [Ba2+] decrea e quickly after the first half hour for Ba in both (a) and (b) 
solutions. The drop of [Ba2+] in solution (b) is faster compared to that in olution (b). 
After 6 h the drop in [Ba21 wa found to be 30.6 ppm and 6.2 ppm in olution (a) and 
(b) respectively (Tables A.3 and A.7 in Appendix). An outcome of Figure 6.9 and 6.10 i 
that BaS04 i generally more table in boehmite rather than in water regardle of the 
initial concentration. The final [Ba2+] in boehmite after 6 h wa found to differ according 
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to the initial concentration. The initial [Ba2+] concentration in solution (a) influences the 
remaining [Ba2+]. In other words the higher the initial [Ba2+] concentration in boehmite 
sol the higher is the [Ba2J remainder after 6 h. On the other hand [Ba2+] in olution (b) 
was found to behave similarly regardless of the initial concentration (121 and 64 ppm), as 
the remainder [Ba2+] in solution (b) after 6 h was found to be 6.7 ppm and 6.2 ppm from 
higher and lower initial [Ba2+] solutions respectively (Figure 6.7). 
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---G- [Bal = 12 1 ppm , H20 
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Figure 6.10 [Ba2+] versus time of BaS04 (64 and 121ppm) In SO/-/water and sol 
IAIO(OH) sols at 298K (1: 1 Ba2+:S0/- ratio) 
The main conclusion wa that the higher the initial concentration, the greater is the 
difference between [Ba2+] in water and in boehmite sol. In other words the higher the 
initial concentration the greater is the [Ba2+] in boehmite sol compared to water. Thi 
finding relates to the finding of Tantayakom et al. [216] who reported that the critical 
supersaturation ratio in the absence of scale inhibitor was found to be gradually and 
continually decreasing until it reaches the solubility product of BaS04. 
6.3.3 Barium sulphate (BaS04) scale determination at 320 K 
The effect of barium concentration on scaling wa studied at high temperature (320K). 
Two different concentrations of barium were used in two sols (water and boehmite 
separately). [Ba2+] was determined at low and high concentrations of boehmite ver us 
time (6 h) at 398 K without agitation. Plot 6.11 illustrates the results obtained. A huge 
drop in [Ba2J was noticed with time at both low and high concentrations in boehmite 01 
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and water solution. A similar drop in initial scaling (after 3 seconds) was noticed in 
boehmite sol and water sol starting with both low and high barium concentrations which 
indicates there is a strong relationship between temperature and crystallisation rate which 
has been reported by Sanuki et al. [217] in 1998. Yuan [218] also found that temperature 
plays a role in BaS04 precipitation. 
100 .00 1 --fr-- [Ba]= 12 1 ppm , AIO(OH) 
80.00 
----e- [Ba]= 12 1 ppm, H20 
• [Ba]= 64ppm , AIO(OH) 
e 60.00 Co <> [Ba]= 64ppm , H20 
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";' 40 .00 :::. 
20.00 • 
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Figure 6.11 Barium concentration versus time in SO/Iwater and SOl -IAIOOH 01 at 
320 K (1: 1 Ba2+:S0/ - ratio) 
In both boehmite and water BaS04 sols (121 ppm) the initial concentration of barium was 
found to be 86.3 & 87.3 ppm respectively. Despite the great drop in both, [Ba2+] in 
boehmite sol appears to be higher than the [Ba2+] in water sol; after 30 min [Ba2+] in 
boehmite shows 48.6 ppm. While the opposite in water show 41.5 ppm and keeps going 
in the same rhythm up to 6 h when the concentration of barium ions in the boehmite sol is 
9.3 ppm while its correspondence of water sol was only 8.0 ppm (Tables AA and A.8 in 
Appendix). 
On the other hand at low (64 ppm) BaS04 concentration the initial point after 3 in both 
water and boehmite sols 39.0 and 40.1 ppm, the concentration of the barium ion in both 
sols keeps going in the same mode up to 6 h (Tables A.5 and A.9 in Appendix) when the 
concentrations were 4.5 and 3.0 ppm in boehmite and water respectively. 
As a conclusion it was noticed from Figure (6.11) that [Ba2+] drops generally with time at 
320 K regardless of the initial concentration. The higher the initial concentration, the 
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higher is the [Ba2+] remainder in both boehmite and water. Although in the former the 
barium concentration is slightly higher than in the latter. After 6 h the remainder of [Ba2+] 
in the boehmite sol was found to be higher than that remained in the water 01. 
SimHarly Figure 6. 12 illu trates a comparison between the concentration reduction of 
barium ion concentrations against time for high concentration of BaS04 in boehmite sol 
at 298 and 320 K. Reduction in barium ion concentration in the initi al point (after 3 s) 
was 119.4 ppm at room temperature (298 K) while it wa 87.4 ppm at 320 K and after 30 
min it showed 80.4 ppm at 298 K and 41.5 ppm at 320 K. The amount of barium ion 
reduced at 320 K was found to have dropped nearly half the initi al concentration after the 
first 30 min. After 6 h, 41.4 ppm of barium ions remained in the aluminium oxyhydroxide 
(boehmite) sol at 298 K, while only 8.0 ppm remained after 6 h at 320 K. Thi lead to a 
condu ion that the temperature has an effect in inhibition efficiency. Although the 
temperature affects the [Ba2+] still some barium (9.4 ppm) remains in the boehmite 01 
after 6 h (Table A2 and A4 in Appendix). 
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Figure 6.12 Reduction of [Ba2+] in SO/ -' AIO(OH) 01 (1: J Ba2+:S0l ratio) at 298 and 
320K 
From a different point of view, BaS04 precipitation rate wa calculated ver u time a 
shown in Figure 6.13. This illu trates a compari on between barium ion precipitation at 
both low (64 ppm) and high (121 ppm) BaS0 4 concentrations from a bo hmite 01 
concentration at 298 K. 
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Figure 6.13 [Ba21 precipitated versu time in S042-/AIO(OH) 01 (l: 1 Ba2+:S042- ratio) at 
298K 
The precipitation of BaS04 in the high concentration (121 ppm) boehmite 01 in the fir t 3 
s was found to be greater than that precipitated of the low concentration (64 ppm). In 
other words Ba2+ precipitated in the first 3 s out off 121 ppm BaSOJAlOOH 01 wa 
found to be 1.6 ppm, while those precipitated off the 64 ppm BaSOJAIOOH 01 after 3 
were found to be 25.1 ppm. Simultaneously the precipitation rate was found to be more 
stable in the low concentration 01; after the fir t 30 min the barium precipitated 
flocculates between 3 J -33 ppm up to 6 h, while its corre pondence in the high 
concentration sol shows light stability after 4 h (Table A.2 and A.3 in Appendix). 
One can conclude although the amount of barium ion precipitated in the high 
concentration sol at 298 K wa higher than that precipitated in the low concentration one, 
the fewer the concentration of barium ion in the 01 the higher the stability of the 01. 
Similarly a compari on was made for precipitated barium in low and high concentration 
boehmite sols at 320 K (Figure 6.l4). 
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Figure 6.14 Barium ion concentration [Ba2+] precipitated versus time in SO/-/AIO(OH) 
sol at 320 K 
The precipitation rate during the fir t 3 s in high concentration sol at 320 K eems to be 
higher than its correspondence at 298 K (34.4 and 1.6 ppm respectively (Figure 6.13). 
However the precipitation rate in low concentration 01 (64 ppm) after the fir t 3 at 320 
K seems to be lightly less than its corre pondence at 298 K (23.9 and 2S.1 ppm) (Table 
A3 and AS in Appendix). 30 min later in both low and high concentration at 320 K 
showed quite a large Ba2+ precipitate (43.9 and 72.5 ppm). The barium precipitate i in a 
constant rate after 90 mins for low concentration sol (64 ppm). The barium concentration 
is in a constant rate after 4 h (249 mins) in the highly concentrated 01 (121 ppm). After 6 
h (360 mins) barium precipitated was found to be 111.6 and 59.5 ppm in high and low 
concentration boehmite sols re pectively (see Table A.6 and A7 in Appendix). On the 
other hand the precipitation of Ba2+ at 298 K and 320 K (Figure 6.1S) in AlOOH sol can 
be compared. Generally the precipitation of barium ion for 6 h (360 mins) eem to b in 
a constant slow pattern at room temperature. While this slow rate was found to be after 4 
h (240 min) in its correspondence at 320 K. After 6 h (360 min) barium pr cipitated was 
found to be 79.6 and 111.6 ppm at 298 and 320 K respectively. 
As a conclusion the higher the concentration of barium in a boehmite sol the lower i the 
precipitation or crystalli sation rate; the lower the temperature the more the tability of the 
barium ions in the sol or the cry talli ation rate [217]-[218]. 
221 
Chapter 6 
120 
'0 100 
-~ 80 'a. 
.~ 60 
... 
c. 
r 
'" 111 
!£ 20 
Applications 
_ 121 ppm 320K 
-t:r- 121 ppm 298K 
o ~--------~--------~------
o 100 200 
Time (min) 
300 
Figure 6.15 [Ba2+] precipitated ver us time in sol-/ AIO(OR) sol at 298 and 320 K 
The number of moles of Ba2+, SOl-and AIOOH u ed to form the BaS04 (64 and 
121 ppm) in AIOOR sol was calculated in Table 6.10 below; simultaneou Iy the number 
of moles of barium and sulphate ions remained in the 01 after settling for 6 h wa al a 
calculated (Table 6.11) using Tables A.2 to A.S in Appendix at 298 and 320 K. Some 
Ba2+ ions were found to remain in the BaS04 (64 and 121 ppm) AIO(OH) sols at 298 and 
320 K which proves that water-borne boehmite did indeed work a a good ho t for Ba2+ 
ions. In sols prepared with higher concentration the remaining Ba2+ wa found to be 
larger than those remaining at low [Ba2+] concentration sol. It was also noticed that the 
[Ba2+] remaining in AlO(OH) 01 at room temperature after 6 h wa more than tho e 
remaining at water-borne boehmite sols after heating, which mean that heating i 
affecting the solubility; in other words heating is affecting the nucleation and growth of 
the particles [219]. 
Table 6.10 [Bii left in AIO(OH) sol after allowed to cale for 6 h 
[Ba2+] and [SOh tarted (ppm) 64 121 
No. of mole of Ba2+ 6 x 10-6 I 2 x 10,6 
o. of moles of S042- 6 X 10-6 I 2 X 10-6 
o. of mole of AIO(OH) 3.9 X 10-4 3.9 X 10-4 
o. of moles of Ba2+ left in AIO(OH) sol after 6 h at 298 K 5.6x 10-6 7.5 x 10-6 
o. of moles of Ba2+ left in AIO(OH) sol after 6 h at 320 K 0.8x 10-6 1.7x 10-6 
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Table 6.11 Percentage of Ba precipitated after 6 h from water and AIO(OH) at 298 and 
320K 
Initial Ba concentration (ppm) % precipitated at 298 K % precipitated at 320 K 
121 in AIO(OH) 65.81 92.26 
64 in AI0(OH) 52.22 92.97 
121 in H2O 94.44 93.38 
64 in H20 90.31 95.22 
6.3.4 Comparison of the particle size of Boehmite, sulphated 
boehmite (S042-, AIO(OH» and Barium sulphate in boehmite 
(BaS OJ AIO(OH» 
The dynamic light scattering (DLS) diagram in Figure 6.16 shows that boehmite 
(AIO(OH» has a particle size of 139 nm, while two particle sizes were observed in 
sulphated boehmite (SOl-, AIO(OH» (39.5 and 196.2 nm); the small particle size (39.5 
nm) might be sulphate ions in the surface of water-borne boehmite sol while the large 
particle size (196.2 nm) might be sulphate growing inside boehmite. This conclusion is 
attributed to the fact that zeta potential (the electric potential at the plane that separates 
the tightly bound liquid layer from the rest of the liquid also known as (slip plane)[220] 
was determined by a number of factors, such as the particle surface charge density, the 
concentration of the counter-ions in the solution solvent polarity and temperature [220]. 
Although it was found that the size of BaS04 in water-borne boehmite increases with the 
addition of Ba2+ (Figures 6.17 and 6.18), simultaneously there are small particles forming. 
Their sizes decrease with the addition of Ba2+. This again may be due to the different 
factors that determine the zeta potential [220]. 
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Figure 6.18 Increase in particle size versus Ba2+ added to AlO(OH) (large particles izes, 
Table 6.4) 
Table 6.12 illustrates the particle size of water borne boehmite, sol-I AIO(OH) and 
BaSOJ AlO(OH); particle sizes were determined by DLS (Figure 6.15). It i quite clear 
from Figure 6.16 and Table 6.12 that the particle ize of AlO(OH) sol changes with the 
addition of sol initially and Ba2+ later. Figure 6.15 indicates that the particle ize of 
AIO(OH) is 132 nm (Figure 6.16 top), while S042-IAIO(OH) shows two particle sizes 
39.5 and 196.2 nm (second from the top in Figure 6.16).39.5 nm is probably the diameter 
of the sulphate particle attached to the AIOOH sol. The addition of barium illu trates a 
separation in particle size (third, fourth and fifth from top in Figure 6.16) showing two 
different particle sizes, a large one :::;100 nm and small one :::;1 n~. A mal1 particle size 
may reflect a nucleation mechanism of BaS04, while a large particle size may result from 
aggregation and growth mechani ms of BaS04 particles in ide the AlOOH host. Re ult 
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obtained by DLS results are consi tent with tho e obtained by SEM (Figure 6. 19) and 
TEM (Figure 6.20). 
Table 6.12 The particle sizes of AIO(OH), S042-/ AlO(OH), BaSOJ A10(OH) 45.6,9 1.3 
and 121ppm re pectively 
Sol Small particle size (nm) Large particle size (nm) 
Water-borne boehmite sol 132.0 
SOtl Water-borne boehmite 01 39.5 196.2 
45.6 ppm BaSOJAIO(OH) sol 
(1 st addition) 1.2 425. 1 
91.3 ppm BaSOJ AIO(OH) sol 
(2nd addition) 0 .7 282.5 
121 ppm BaSOJ AIO(OH) sol 
(3rd addition) -0.7 (0.68) 223.2 
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Fi~ure 6.19 Scanning ~!ectron microscope (SEM) of a), b) 64 ppm Ba2+, c) 9 1.3 ppm 
Ba + and d) 121 ppm Ba 
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Figure 6.20 Transmission electron microscope (TEM) of a) 121 ppm Ba2+ , b) (a)x24, c) 
(a)x75 and d) Electron dispersive X-ray analysis (EDX) of (a) 
Nucleation of BaS04 in AIO(OH) wa illustrated in (a) and (b), while aggregation and 
growth was recognised in (c) and (d) (Figure 6.16). 
Particle size varies between 1-23 nm; when the particle reaches 23 nm, the e particle are 
most probably aggregate rather than a single particle (Figure 6.20 b and c). 
6.3.5 Determination of Barium sulphate in water and boehmite 
(BaSO/water and BaSOJAIOOH) particle size changes 
during scaling without agitation 
The particle sizes of Ba2+ was measured by DLS during the scaling proces In both 
Ba2+/water and Ba2+/ AIO(OH) at room temperature (298 K). Somehow BaSO,J AIO(OH) 
particles have similar particle sizes after 6 h regardless of the initial barium ion 
concentration (Table A.22 and A.24 in Appendix). In other word BaSO,J AIO(OH) 
particle size flocculates in the same range during the caling proces at both high and 
low concentration of BaS04 (Figure 6.21), but wa found to have an approximate imilar 
particle size when allowed to settle during 6 h. At low [Ba2i in AIO(OH) sol, the particle 
size seems to be stable after 150 min, while the particle ize start to be table at high 
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[Ba2+] after 240 min, indicating that there is a relationship between solubility and initial 
concentration [221]. 
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Figure 6.21 Particle size of BaSOd A10(OH) versus time at 298K (l: 1 Ba2+:S042- ratio) 
during the scaling process 
Figure 6.22 shows a plot of the variety of the particle size of BaS04 in H20 and AIOOH 
during the scaling time; although generally particle sizes increase after 120 min (which 
may be due to the maximum growth of BaS04 in AIO(OH» , but the increase in size i 
quite large in water compared to its corresponding BaSOd AIO(OH). It can be concluded 
that both the low and the high initial [Ba2+] used; the particle size of the [Ba2+] in 
A10(OH)seems to be smaller than that in H20. This difference between BaS04 particle 
sizes in H20 and AIO(OH) is probably due to its solubility. Hence the solubility of BaS04 
increases with decreasing particle size [221]-[222]. On the other hand Mihranyan and 
Str¢mme [223] reported that the solubility will attain its maximum value when the 
particle size is 21 nm and for the solubility to become significantly different, the particle 
size of the examined material should be less than 100 nm. 
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Figure 6.22 Particle size of BaSO,JH20/ AlO(OH) ver u time at 298K (1: J Ba2+: ot 
ratio) during scaling proces 
The other reason for the increased olubility of BaS04 in AIO(OH) might be due t the 
decrease in pH (it has been reported before that the lower the pH (2-5) the higher the 
solubility [224]-[225]. AlO(OH)is acidic (pH = 4) compared to the lightly acidic (pH= 
6.5) BaS04 in water, that means the boehmite will liberate H+ in it urface (equation 
6.6), which will have affinity for sol ' (equation 6.7), leaving free Ba2+ ion. 
(6.7) 
(6.8) 
On the other hand, as the concentration of Ba2+ increa es in the 01, the free Ba2+ increa e 
accordingly. This i why more free Ba2+ were relea ed in the case of J 21 ppm BaSO,J 
AIO(OH). 
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6.3.6 
Applications 
Comparison of the solubility in water of extra pure, 
commercial and prepared mixture of BaS04 (O.IM) samples 
Viaton's BaS04 (0.02 moles, 200 cm3, O.lM) solution (A) was stirred (360 rpm) in a 
water bath at 298 K, while a barium strength adjuster (CH3COOLi 0.5 cm3 in 25 em3 
water) was placed in a plugged water jacket vessel (B) at 298 K. Solution (A) (0.1 cm3) 
was pipetted into (B) each 30 min for 6 h. A similar procedure was carried out for a 
mixture of BaCh (0.01 moles, 100 cm3, 0.1 M) and Na2S04 (0.0) moles, 100 cm3, 0.1 M) 
1: 1 ratio (C). Hence the initial Ba2+ concentration (0.1 M) was similar in the three 
samples prepared; the extra pure BaS04 sample at zero minute was found to be 138.2 ppm 
while after three hours it shows 19.15 ppm and [Ba2+], in the prepared mixture (BaCI2 and 
Na2S04 1: 1 ratio) and commercial sample (Viaton) [Ba2+] was found to be 587.34 ppm 
and 171.47 ppm at zero min respectively. Mter three hours barium ion concentration was 
found to be 250.32 ppm in the mixture and 19.15 ppm in the extra pure sample; thi 
indicates that the prepared mixture was found to be more water soluble than the extra pure 
BaS04 as well as the commercial (Viaton) BaS04. Results are plotted in Figure 6.23. 
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Figure 6.23 Comparison of [Ba2+] versus time for BaS04: extra pure, Viaton' s and I: J 
mixture prepared 
The particle size of BaS04 (extra pure, mixture and Viaton's) was measured using DLS 
nanoseries Figure (6.24). Table 6.13 summarizes the particle sizes of BaS04 in Figure 
6.24. 
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Table 6.13 Particle ize of BaS04 (mixture), Viaton' and extra pure BaS04 
BaS04 Small >1 nm Medium 10·800 nm Large <1000 nm 
Extra pure (EP) 0.7 nm (7.9 %) 45.8 nm (36.2 %) 1823 nm (55 .9 %) 
Mixture (M) 55.3 nm (28.5 %) 5222 nm (7.6 %) 
305.7 nm (63 .9 %) 
Viation 's (V) 0.9 nm (20.9 %) 73.8 nm (60.8 %) 5052 nm ( 18.7 %) 
Although small BaS04 particle izes (> 1 nm) were noticed in both ex tra pure (EP) BaS04 
(7.9 %) and commercial Viaton' (V) (20.9 %) and none wa detected in BaS04 (M), the 
majority (92.4 %) of (M) BaS04 was found to be in the range 55.3-305.7 nm (Figure 
6.21). 
On the other hand the particle ize of the majority (55.9 %) of (EP) BaS04 wa found to 
be more than 1000 nm, while (V) BaS04 majority (60.8%) was found to be 73 .8 nm. Very 
large particle sizes (-5000 nm) were noticed in both (V) and (M) BaS0 4, the inten ity of 
which in (M) i les than that in (V)'s 7.6% and 18.7% re pectively. 
As a conclusion precipitation occurs more in (EP) BaS04, although large particles were 
formed in both (V) and (M) (-5000 nm) BaS0 4. 
X-ray diffraction alalysis (XRD) was also used to determine the particle ize of BaS04 
prepared by (BaCb:Na2S0 4 1: 1) in water and extra pure BaS04 (Figure 6.25 and 6.26). 
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Figure 6.25 X-ray diffraction analysis (XRD) of BaS04 mixture (BaCh:Na2S04 I : I ) 
The particle size of the prepared BaS04 mixture (BaCh:Na2S04 1: I) wa found to vary 
between 24-73 nm according to XRD (Figure 6.25). The particle size of the majority of 
the particles (of extra pure, mixture prepared and 121 ppm BaS04 in water) were found to 
accumulate between 30-40 nm (Table 6.14). While extra pure BaS04 particle ize varie 
between 18-60 nm (Figure 6.26), it was found that the majority of the particle izes vary 
between 20-40 nm (Table 6.14). BaS04 121 ppm in H20 also had it particle ize (26-79 
nm) determined by XRD (Figure 6.24). The majority of the particle ize were found to 
be larger than 30 nm (Table 6.14). Although the large t particle izes hould be in the 
BaS04 mixture rather than the BaS04 121 ppm (due to smaller concentration), the 
presence of the larger particle size in the latter is due to the aggregation of the mall 
particles. Although XRD howed a more detailed particle size than DLS, the conclu ion 
was more or less similar: extra pure BaS04 particles are maller than tho e prepared from 
a (mixture of BaCh and Na2S04 1: 1 ratio). On the other hand the particle ize of BaS04 
121 ppm in H20 shows a larger particle ize (26-79 nm) than tho e for BaS04 121 ppm in 
AI00H (7-54 nm). This finding indicates that particle of smaller ize were found in 
boehmite as a host rather than water. The peaks were found to be lightly hifted, e.g. the 
peak at 60.13° in Figure 6.26 i shifted to 60.86° in Figure 6.27, and the peak at 54.8° in 
the former figure is shifted to 55.1 ° in the latter figure. 
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Figure 6.26 X-ray diffraction analysis (XRD) of extra pure BaS04 
Table 6.14 Percentage of particle sizes in different BaS04; pure, prepared (BaC\z:Na2S04 
1:1) and BaCh:Na2S04 1:1 in 5 cm3 water. Comparative studies 
BaS04 sample ~20 nm 20-30 om 30-40 nm 40-50 nm ~50 nm 
Extra Pure 11.43% 31.43% 34.29% 14.29% 8.57% 
Mixture 0% 8.57% 40% 25.71 % 25.71 % 
121ppm in H20 0% 11.43% 31.43% 28.57% 28.57 % 
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Figure 6.27 X-ray diffraction analysis (XRD) of BaS04 sample prepared using 121 ppm 
BaCh and Na2S04 in water 
233 
Chapter 6 Applications 
Scale Determination Inhibition efficiency with Agitation 
6.3.7 Barium sulphate (BaS04) scale determination at 298 K 
Inhibition efficiency was determined again as before with agitation using three different 
initial concentrations of Ba2+ ion (64, 90 and 121 ppm) at two different temperature (298 
and 320 K) in both water and AIO(OH). Initial and final concentrations are inver ely 
proportional; in other words the higher the initial concentration, the higher the final 
barium concentration found in solution (water or water-borne boehmite). Again the 
amount of barium ions found to remain in the water-borne solution after 6 h at room 
temperature was found to be more than its corresponding in water solution; e.g. Ba2+ 121 
ppm was found to be 99.62 ppm and 106.98 ppm respectively (Appendix Table A. 11 and 
A.17). The drop in Ba2+ remaining in AIO(OH) sol and H20 were found to be similar 
regardless of the initial concentration (Appendix Tables A.l2, A.13, A.18 and A.19). This 
is shown in Figure 6.28. 
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Figure 6.28 Barium ion concentration ([Ba2+]) against time with agitation at 298 K 
A rise in temperature (320 K) affects the amount of barium left in both water-borne 
boehmite and water after 6 h; BaS04 121 ppm in AIO(OH) (111.29 ppm of Ba2+) wa 
found to be left after 6 h, in 90 and 60 ppm BaS04 in AIO(OH) after 6 h was found to be 
84.2 ppm and 58.9 ppm respectively (Appendix Tables A.14, A.I5 and A.18). That mean 
an obvious drop in the amount of Ba2+ left after 6 h at room temperature (Figures 6.25 
and 6.29). Similarly temperature affects the amount of Ba2+ left in water after 6 h; in 121 
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ppm, 90 ppm and 64 ppm BaS04 in H20 the drop in Ba2+ amount left after 6 h was as 
follows: 116.25,86.52 and 61.48 ppm respectively. 
In another context the amount of barium precipitated after 6 h wa investigated in both 
H20 and AIO(OH) sols at 298 K and 320 K (Figures 6.30 and 6.31). It is quite clear that 
Ba precipitates slowly from water-borne boehmite sol at room temperature (298 K) and 
more rapidly at higher temperature (320 K) [81]. M. Yaun [81] have reported simi lar 
results in "Advances in Crystal Growth Inhibition Technologies". Yaun [8 J] ha noticed 
that as temperature increases from 298 K to 333 K, the BaS04 inhibition efficiency 
decreases using DETPMP [diethylenetriamine penta (methylene phosphonic acid)]. 
However as the temperature increases from 333 K to 368 K, the performance of DETPMP 
remain almost constant 
70.00 1 
60.00 
50.00 
'[ 40 .00 
.::-
~ .. 30.00 
e=, 
20.00 
10.00 
-'!'-- IBa2+1 121ppm in AIO(OH) 
__ IBa2+190ppm in AIO(OI I) 
--9-- IBn2+11 2 Ippm in H20 
• IBa2+1 60ppm in AIO(OH) 
- --Io-- IB.2+J 90ppm in mo 
0.00 +--~--~--~--~--~-~:...---~ 
o 50 100 150 200 250 300 350 
Time (min) 
Figure 6.29 Barium ion concentration ([Ba2+]) against time at 320 K 
From Figures 6.30 and 6.31 it was generally noticed that the higher the initial 
concentration of Ba2+, the higher is the Ba2+ precipitated regardless of temperature. Table 
6.8 demonstrates this conclusion more clearly. At the standard temperature (298 K) Ba2+ 
precipitated from water-borne boehmite after 6 h starting with higher concentration (121 
ppm) which was found to be 82.3 % while its correspondent concentration at 320 K was 
found to be 91.98 % 
235 
Chapter 6 Applications 
120 
100 
--..... .-* 
• • • • 
e 
Co 
c. 
~ 
~ 
'" :::. 40 
-*- [Bal= 12 1 ppm 
20 -0- ISal = 90 ppm 
- [Bal = 64 ppm 
50 100 150 200 250 300 350 400 
Time (min) 
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Figure 6.31 Barium ion concentration ([Ba2+]) precipitated from AIO(OH) 01 again t 
time at 320 K 
On the other hand, starting with lower concentrations (90 ppm and 64 ppm) at 298 K the 
percentage of barium precipitated was found to be 80.77 and 79.08 %, while at higher 
temperature was found to be 93.5 % and 92.02 % respectively. The good news for oilfield 
recovery is that at higher temperature (320 K), Ie barium was found to be precipitated 
when starting with the highe t initial concentration (Table 6.15). 
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Table 6.15 Percentage of Ba2+ precipitated after 6 h from H20 and A10(OH) sols at 298 
and 320 K 
Initial Ba concentration (ppm) % precipitated at 298 K % precipitated at 320 K 
121 in AIO(OH) 82.33 91.98 
90 in AIO(OH) 80.77 93.54 
64 in AIO(OH) 79.08 92.02 
121 in H2O 88.41 96.07 
90 in H20 87.50 96.13 
64 in H2O 87.59 96.06 
The amount of Ba2+ precipitated from water sol was found to be much more than that 
precipitated from A10(OH) sol; this result indeed proves that AIO(OH) sol worked as a 
good host forBaS04. 
6.3.8 Conclusion 
The most relevant features of the scale prevention work are now described as a 
conclusion: 
~ The most important finding is that water-borne boehmite worked as a host for 
BaS04; BaS04 in AIO(OH) sol. It was found to be more stable than that in water 
regardless of the concentration (Figures 6.5-6.8). Although AIO(OH) was a good 
host for barium but it was noticed that the higher the initial [Ba2+] in AIO(OH) the 
higher is the [Ba2+] remaining in the sol after 6 h. 
~ On the other hand the precipitated percentage of Ba2+ was calculated for each case 
(concentration, agitation and temperature) results were plotted in Table 6.16) from 
Tables A.2 -A21 in Appendix. 
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Table 6.16 Percentage of barium precipitated after 6 h from water and AIO(OH) sols at 
298 and 320 K with and without agitation 
[8a2+]1 sol (AIO(OH) or % at 298 K (Without % at 198 K % at 320 K (Without % at 310 
H10) In ppm Agitation) (Agitation) Agitation) (Agitation) 
AIO(OH) 
121 65.8 82.3 92.3 92.0 
90 80.8 93.5 
64 52.2 79.1 93 92.0 
H10 
121 94.4 88.4 93.4 96.1 
90 87.5 96.1 
64 90.3 87.6 95.2 96.1 
~ The minimum the initial concentration is the minimum is the percentage of Ba2+ 
precipitated after 6 h (Table 6.9). Except in the case of BaS04 121 ppm in 
AIO(OH) at 320 K with agitation. The amount of [Ba2~ precipitated after 6 h of 
an initial [Ba2+:) 121 ppm was found to be 92 %, while the percentage of Ba2+ 
precipitated off from 90 ppm and 64 ppm was found to be 93.5 and 92 
respectively. 
~ Agitation has an effect in scale inhibition efficiency at 298 K but not at 320 K for 
[Ba2+:) in AIOeOH) (Table 6.16). While in percentage of Ba2+ precipitated off from 
H20 , sol a difference in percentage was noticed. The percentage of Ba2+ 
precipitated off from H20 sol was found to be less at 298 K compared to that 
precipitated at 320 K. 
6.4 Determination of the Medical Diagnosis property of BaS04 
in AIOOH using 2-D imaging for optimum results 
One of the aims of this work is using the injectable BaS04 nanoparticles prepared to 
optimise medical diagnosis. BaS04 can be used as a contrast agent because it absorbs X-
ray better than biological tissue [226]; e.g. to enhance the ability of seeing the 
gastrointestinal tract, a BaS04 suspension is ingested before X-rays exposure. The lining 
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of the stomach or the gastrointestinal tract will be coated with barium sulphate and will 
appear white in an X-ray. Although all barium salts are soluble the procedure is safe 
because of the low solubility product of BaS04 _1.1xlO-1o mg/dm3 [227]. The feasibility 
of using BaSOJAIO(OH} nanoparticles was tested using X-rays. As the above mentioned 
nanoparticles cannot be tested in vivo, an alternative method (a way to discover 
differences between images) based on 2-D imaging of vials was considered. The idea is to 
prove that BaS04 in AIO(OH} is colloidal and hence stays longer in a suspension than the 
commercial BaS04. Two different samples of BaS04 were compared: i) a commercial 
sample purchased from Viaton suspended in deionised water and ii) a prepared mixture of 
BaCh and H2S04 in AIO(OH} (section 6-2-7). BaSOJ AIO(OH) and Viaton sample 
prepared above were simultaneously irradiated with X-rays from a Hamamatsu L6731 
with a Tungsten anode operated at 25 kV and imaged using a Hamamatsu C7942 flat 
panel detector. 
6.4.1 A comparison between of BaS04 121 ppm in AIO(OH) and the 
commercial BaS04 in water using 2·D imaging 
2-D X-ray imaging was used in this work on two different BaS04 solutions [228]; BaS04 
121 ppm in water-borne boehmite and commercial BaS04 (1.17 g) suspended in water 5 
cm3• The samples were placed in lcmxlcm cuvettes, which were then exposed to an X-
ray source at (298 K). X-ray scans were performed for 90 min with ten 10 min intervals. 
2-D images in Figure 6.32 shows the commercial BaS04 in water and the BaS04 in 
AIO(OH} immediately after preparing it (zero min), 30 min, 60 min and 90 min. Due to 
the small concentration of BaS04, no apparent difference can be seen between the left 
hand cuvette (BaS04 in water) and the right hand cuvette containing BaSOJ AIO(OH) 
(Figure 6.32). 
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a b c d 
Figure 6.32 2-Dimensional (2-D) images of commercial BaS04 in water (left hand ide) 
and in water-borne boehmite (right hand side) at a) 0, b) 30, c)60 and d) 90 min 
In order to quantitatively validate the differences between the two solution ; mean grey 
level measurements in the selected area across the sample height (top to bottom) were 
performed in each sample. Grey value gives an approximate idea about where the 
particles are mostly concentrated: a low value (dark pixels) means strong ab orption, 0 
(possibly) high BaS04 content, low values mean low absorption [229]-[230]. The 
measurements were carried out using "image j " software. Results obtained proved that the 
top:bottom ratio in the right hand cuvette (Figure 6.33) (BaS04 IAIO(OH)) remained 
more or less constant up to 50 min. That means either the solution did not precipitate or it 
precipitates very quickly (30 s) and nothing remained in the top . 30 i approximately the 
time for the sample to be placed between the X-ray and the detector and for the source to 
be operated. This is not enough time to precipitate BaS04 in AIO(OH). On the other hand 
an increase in the top:bottom ratio was noticed after 50 min; an increase in top:bottom 
ratio means that BaSOJ AIO(OH) is precipitating and less is remaining at the top to cause 
X-ray absorption. The trend for BaS04 in water (Figure 6.34) is less obviou and no 
apparent variations are observed over the acquisition time. 
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Figure 6.34 illustrates top:bottom ratio mean deviation of commercial BaS0 4 in H20 
versus time 
Pure water was used a a blank (Figure 6.32); X-ray beam was pa sed through pure water 
which was the base in both samples, top to bottom ratio was found to be 0.55 . Thi ratio i 
not 1, as should be expected, due to non-uniformities in the radiation field, it inten ity 
being lower at the top of the images (Table 6.17 and Figure6.35). 
Table 6.17 Mean pixel value and standard deviation of water only 
Time Area Mean pixel Standard Top:bottom 
(min) selected value deviation ratio 
Top 3.76 80.08 35 .72 0.55 
Bottom 3.74 145.47 20.74 
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Figure 6.35 2-Dimensional (2-D) images of water only 
6.4.2 Conclusion 
No obvious differences in the cuvettes containing BaS04 121 ppm in AIOOR and the 
commercial BaS04 in water. The method did not prove conclusive result due to the low 
signal on the detector, which re ulted in large stati tical error and to the low 
concentration of BaS04 in the samples, causing the difference in ignal between the 
different regions to be very low. 
More conclusive result could be obtained at greater concentration of BaS04, r by u ing 
a more powerful ource. In thi case, it wa nece ary to compromi e betw en good 
statistics, obtained with long acquisition time, and en itivity to time variation, obtained 
with short acquisition times in order to avoid that large variation occurred in the time 
interval needed for the acquisition of an image. 
Analysis of the mean pixel area of 2-D images, were made u ing an 'image j' pr gramme. 
Generally the mean pixel area of BaS04 121 ppm in AIOOH showed lower value than 
those of commercial BaS04 in H20 . This finding proves that BaS04 wa actuall y pre ent 
in the former; this is derived from the fact that low value means dark pixel wh ich is due 
to stronger absorption [229]. On the other hand the top:bottom mean pixel area ratio of 
BaSO,JAIOOH wa constant for up to 50 min. There are two explanation, either the 
BaS04 precipitated so quickly (3 s) or the solution did not precipitate. Most probably the 
solution did not precipitate. That means BaS04 remained in solution for up to 50 min 
while commercial BaS04 precipitated after 10 min. 
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6.S Catalytic Activity 
6.5.1 Thermal programmed oxidation/reduction (TPOlfPR) and 
chemical looping combustion (CLC) 
The idea initially was to use barium sulphate in boehmite (BaS04 in AIOOH) prepared 
(after freeze drying) here in this work in TPO and TPR (Temperature programmed 
oxidation and temperature programmed reduction). The main purpose for this was to use 
BaS04 nanoparticles as an oxygen carrier in (CLC) chemical looping combustion. CLC is 
a new technology for burning gaseous fuels with inherent separation for carbon dioxide. 
Metal oxides and BaS04 particles have been used for the transferring of oxygen from the 
combustion air to the fuel [56] (Figure 1.22). TPO examines the extent to which a catalyst 
can be re-oxidized; the furnace heats the sample tube and the sample according to the 
selected temperature programme [231]. The uptake of oxygen is then measured. TPR 
determines the number of reducible species present in the catalyst and reveals the 
temperature at which the reduction occurs. It begins by flowing analysis gas in an inert 
carrier gas N2 or Ar. While the gas is flowing. the temperature of the sample is increased 
linearly with time and the consumption of H2 by adsorption/reaction is monitored 
(Figures AI-A5 in Appendix). Micromeritics TPOlfPR 2900 was used in this work 
(section 2.2.16 and Appendix). This work did not come to a conclusion due to some 
instrumental errors. 
6.5.2 Catalytic test using a rig 
One of the aims of BaS04 nanoparticles produced in this work is to serve for catalytic 
activity. A rig described in section 2.15 was used for this purpose. BaS04 in AIO(OH) (5 
% BaSOJ AIO(OH» was used in the rig after freeze drying (at 248 K) in addition to 
water-borne boehmite (AIO(OH». of pure BaS04 5 % • 5 % BaPtI AIO(OH), 5 % BaAu I 
AIO(OH). 5 % BaC20J AIO(OH) and three way catalyst purchased from MIRA 
containing Pt. Rh and Pd on a ceria (Ce02) zerconia (Zr02) support. 
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6.5.3 Results and Discussion 
Three catalysts based in c 20 l-1 AIO(OH) were prepared here. Their compo iti n was: 5 
% BaC20 4 1 AIO(OH), 5 % BaPtl AIO(OH) and 5 % BaAu I AIO(OH). The particle ize 
of the catalysts were determined by DLS and STEM and XRD (before and after 
catalysis). 
LS analysis (Figure 3.36) showed that the sizes of cataly t izes prepared in thi w rk are 
all less than 100 nm. The size of BaC20J AIO(OH) eem to be the larger in iz (5 
nm), while the sizes of 5 % BaAu/AIOOH and 5 % BaPtlAIOOH were found to be 70 and 
55 nm respectively. The particle size of Pt and Au doped BaC20J AIO(OH) ems t be 
smaller than the BaC20 4 without doping. From another point of view AIO(OH)al ne was 
found to be 137.5 nm (Figure 5.27) which is much larger than the BaC20 41 AIO( H) . 
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Figure 6.36 Dynamic light scattering (DLS) of 5 % BaC20J AIO(OH), 5 9( BaPtI 
AIO(OH) and 5 % BaAul AIO(OH) 
Scanning transmission electron microscope (STEM) (Figure 6.37) howed that the size of 
BaC20 J AIO(OH) nanoparticle was found to vary between 6- 17 nm. Th 
nanoparticles aggregate forming a huge amorphou particle (0.5x I J.I m) and ( 1.5x2. J.I m) 
(Figure 6.32 a). On the other hand the particle ize of BaC20 4 nanoparticle d ped with Pt 
in AIOOH, was found to vary between 17-36 nm and their shape wa found to be uniform 
(Figure 6.32 b). These uniform particles aggregate forming aggregate (uniform and emi-
uniform) who e size varies between 375x41O nm to 304x889 nm. Thi r ult indicate 
that a combination of BaC20 4 and Pt occurred. Figure 6.38 how that 5 % BaAul 
AIO(OH) nanoparticle have a uniform ize which vary between 40-57 nm . The particle 
aggregate (Figure 6.38 b), the size of those aggregate wa found to be 138x 154 nm. 
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a b 
Figure 6.37 Scanning transmission electron microscope (STEM) of a) 5 % BaC20 41 Al ( H) 
and b) 5 % BaPtJ AlO(OH) nanoparticles 
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Figure 6.38 Transmis ion electron microscope (TEM) image of 5 % BaAul Al ( H) a) 
single crystals, b) aggregate of some crystals 
X-ray diffraction analysis (XRD) hows that 5 % BaC20J AlO(OH) contain parti 1 
that have large size (Figure 6.39). Thi agrees with the re ult obtained fr m T M 
(Figure 6.37 a). The particle size according to XRD varie between 20-50 nm whi h al 
agrees with DLS result. It is quite obvious from Figure 6.34 that Ba 2 4 peak are 
embedded in AlO(OH)peaks. AlOOH peaks were found to be light ly shift d fr m 
AIO(OH) alone (Figure 5.32 a). BaC20 4 peaks found in thi work eem to be imilar t 
those reported by Dalal and Saraf [232]. 
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Figure 6.39 X-ray diffraction analysis (XRD) of 5 % BaC20,J AI ( H) 
« *)AIO(OH)peaks) 
X-ray diffraction analysis (XRD) of 5 % BaPtlAIO(OH) catalyst howed that th particle 
size varies between 17-90 nm (Figure 6.40). Again XRD howed two type f peak 
(wide and narrow) which is a proof that the particle are a combination of large and Illall 
particles. In Figure 6.37, PtCI6(NH4h peaks were detected in addition to AI ( H) and 
BaC20 4 peaks. This re u1t proves that a mixture of the three component wa fund in th 
catalyst. PtCI6(NH4h peak were found to be imilar to tho e reported by Verde- mez I 
al. [233]. Slight shift wa also noticed in AIO(OH), BaC204 and PtCI6(NH4h p ak. n 
the other hand Figure 6.38 shows XRD peaks of 5 % BaAul AIO(OH), ne cl ar (n t 
overlapped) gold peak can be detected at 65°. While the other peak, are found t b 
overlapping with AIO(OH) and BaC204. AIO(OH) and BaC20 4 peak wer found t b 
shifting from their places (Figures 6.39 and 5.32 a). Au peak detected were found t be 
similar to those reported by Lee et al. [234]. 
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Figure 6.40 X-ray diffraction analysis (XRD) of 5 % BaPtlAIO(OH) ((*)AIO(OH) p ak 
and (+) BaC20 4 peaks) 
5 % BaAul AIO(OH) seems to have smaller particle size compared to 5 % BaPtlAIO( H) 
and 5 % BaSOJAIO(OH) (Figure 5.30 b). The particle ize XRD of 5 % BaAu/AIO( H) 
seems to be similar to that of 5 % BaC20 J AIO(OH) except that the peak tend to appear 
sharper in the former. Th is maybe attributed to the fact that the Au particle in the ·~ rm r 
are embedded inside the oxalate. 
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Figure 6.41 X-ray diffraction analysis (XRD) of 5 % BaAu/AIO(OH) ((*)AIO( H) 
peaks, (+) BaC20 4 peaks) 
Thermal gravimetric analysis (TGA) (STA449, Netz ch, Germany) wa then u ed to 
determine the amount of organic moiety adsorbed in AIOOH, 5 % BaC20 J AlOOH, 5 % 
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BaPtJAIOOH and 5 % BaAulAIO(OH) catalysts after freeze drying at 248 K. TGA 
samples were heated to 873 K at a rate of 10 Klmin in air. TGA of barium oxalate in 
water-borne boehmite catalyst in Figure 6.36 shows a los of 8 % of its weight in the 
temperature range 298-433 K (Figure 6.36) which maybe due to moi ture los [232]. The 
weight loss in the range from 573-698 K may be CO loss [232] (equation 6.8 and 6.9 
[232]). The weight loss at 373 K in water-borne boehmite (8.4 %) sample in Figur 6.42 
seems to be similar to BaC20JAIO(OH) as the boehmite convert to alumina (A12 3). 
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Figure 6.42 Thermal gravimetric analysis (TGA) of 5 %BaC20,J AlO(OH) in air a rat f lO 
Klmin 
O SH 0 415.7- 490.3K ) BaC20 4 +O.SH20 BaC2 0 4 • 2 (6.9) 
681.7-8538K ) BaC0
3 
+ CO (6.10) 
The change in weight of boehmite was expected: since AIO(OH) 10 es water (\ wa 
around 773 K) and it is converted to Ah0 3 (Figure 6.43). The total weight I of 
BaC20JAlOOH was found to be more than that of AIO(OH) only (Figure 6.42 and 6.43) 
which was expected due to the releasing of CO from BaC20 4 in addition to water I 
from AIO(OH). Similarly in the case of S % BaAu/AIO(OH) the weight los wa gr ater 
than that of AIOOH because of the loss of water from both AIO(OH) and the gold alt 
HAuC14.3H20 in addition to CO loss from oxalate (Figure 6.4S). While the S % 
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BaPtlAIO(OH) (Figure 6.46) gave a drop in weight which is lower than that of the g Id 
catalyst and higher than that of barium oxalate due to the fact that it i evaporating water 
and C02. The total loss of the catalysts is summarised in Table 6.18. 
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Figure 6.43 Thermal gravimetric analysis (TGA) of AlO(OH) only in air a rate f lO 
Klmin 
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Figure 6.44 Thermal gravimetric analysis (TGA) of 5 % BaSO,JAIO(OH) in air a rate f 
10 Klmin 
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Figure 6.45 Thermal gravimetric analysis (TGA) of 5 % BaAu/AIO(OH) in ai r a rat f 
10 Klmin 
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Figure 6.46 Thermal gravimetric analy i (TGA) of 5 % BaPtl AJO(OH) in air a rate of 10 
Klmin 
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Table 6.18 Thermal gravimetric analysis (TGA) results of catalysts and total weight loss 
Material T(K) Total weight loss (%) Weight loss (%) at 423 K 
AIO(OH) 873 19.3 6.4 
5 % BaC2OJAIO(OH) 753 22.5 6.0 
5 % BaSOJAIO(OH) 723 15.1 6.0 
5 % BaPtIAIO(OH) 873 24.8 5.8 
5 % BaAulAIO(OH) 873 28 13.2 
6.5.4 Catalytic activity 
After freeze drying, a sample of 5 % BaSOJAIO(OH) - 0.1 g or AIO(OH) - 0.1 g was 
placed in the reactor prior to inserting a piece of silica wool to ensure no material was 
lost. The reactor was then clamped and lowered into the furnace; tubing was attached to 
both ends of the reactor followed by a leak test (section 2.2.17). Catalysts were heated 
under different gas mixtures to determine their activity under alternative conditions. The 
air to fuel ratio (AIF) was calculated by determining how much oxidant is required and is 
denoted by A.. In this work the stoichiometric point, where ),,:1, was used which is the 
point at which the fuel C3HS is balanced chemically with the amount of oxidant (air) 
according to the following equation: 
(6.11) 
Catalytic activity was tested by obtaining baselines of N2 only and under stoichiometric 
gas mixtures at room temperature. Then the catalyst was taken up to 873 K under 
stoichiometric conditions. The data collected were imported into a spread-sheet 
programme. The readings of the gases were in mV and the temperature was given in °C 
(converted into K in this work). The treatment for the catalytic data was as follows: 
1- The mean value for the CO were calculated from the N2 only baseline to obtain 
the average reading and this was equivalent to 100 % CO conversion. 
2- The same treatment was then performed on the CO data from the gas mixture 
baseline to obtain a reading for 0 % conversion. 
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3- The two readings from step 1 and 2 from the baseline data could be used to 
calculate the percentage of conversion to which each of the readings in the 
catalytic run data for CO corresponded. 
4- Similarly the previous steps were repeated using the NOx baselines and run 
readings to obtain NO conversion data. 
5- For the GC readings, the area under each peak in the gas mixture baseline 
(stoichiometric) data was determined and averaged to obtain a value representing 
0% propane conversion for each catalyst. 
6- The propane conversion in the catalytic run data was obtained by calculating the 
difference in size of the peaks to the baseline peak size (calibration data in 
Appendix) as a percentage value. 
7- After the readings were converted from mV to % conversion values, they could be 
plotted as a function of temperature. 
The oxygen storage capacity (OSC) was also determined for each catalyst. This was done 
by using a N2 only stream followed by injecting alternate air (2 cm3) and CO (2 cm3 of 
CO 6 % in N2) pulses into an injection port placed just before the reactor 30 seconds 
apart. The procedure was repeated 10 times giving 10 peaks on the CO analyser output.). 
OSC was calculated by comparing the average peak area in the CO readings of the data 
obtained at room temperature and at 873 K. Data obtained from the experiments carried 
out on the catalytic rig was used to determine the effectiveness of the tested material as a 
catalyst. The calibration data were included in the Appendix. 
BaS04 in AIO(OH) and AIO(OH) alone were used as a catalyst to convert HC, CO and 
NO
x 
using the catalytic rig mentioned in section 2.14. AIO(OH) only as a catalyst did not 
show any NOx Conversion and hardly any HC conversion (Figure 6.47), LOT co at 10 % 
conversion was found to be 849 K (Table 6.19). 
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Figure 6.47 Conversion of CO, NOx and HC using AlO(OH) only at u/V=60000/h und r 
stoichiometric condition 1.=1 
In Figure 6.47: uN is the flow rate of the ga (u) which i 500 cm3hnin divided by the 
volume of the catalyst. Volume of the cataly t prepared here wer ~ und to b ar und 
0.5 cm3. So the value of uN in thi work wa found to be: 
u 500x60 =600001 h 
V 0.5 
(6.12) 
5 % BaSOJ AIO(OH) wa found to be catalytically active (Figure 6.4 ): it c nv rt db th 
CO and He. Results howed that the catalyst has more tendency to convert 0 than ~ r 
HC as Light off temperature of CO (LOT co) at 10 % CO conver ion wa found t b 700 
K while LOTHe at 10 % HC conver ion wa found to be 726.8 K (Figur .45). 
Conver ion increased at 780.4 K. LOTco at 20 % conver ion wa found t be 74 K 
while LOTHe at 20 % HC conver ion was found to be 875 K. However, LOT <L TH at 
both 10 and 20 % conver ion, but the difference in LOT i not high. 5 % Ba OJ AlO H 
was found to convert up to 90 % CO (LOTco 90 % = 851.7). At 90 % conv r ion L T 
was found to be reaching the maximum conver ion at 880 K converting 29.4 % agre ing 
with the fact that the cataly t ha a larger tendency to convert CO. 
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Figure 6.48 Conver ion of CO, NOx and HC using 5% BaSOJAlO(OH) catalyst at 
uN=600001h under stoichiometric conditions 1..=1 
Results showed that 5% BaS04 pure (99.9 %) was found to behave a a poor catalyst 
(Figure 6.49) as compared with 5 % BaSOJAIO(OH). LOTco at 10 % conver ion wa 
found to be 846.6 K while LOTHC at 10 % propane conversion was found to be 855 K. 
The outcome of thi investigation is that 5% BaSOJ AIO(OH) prepared in thi s work 
showed more catalytic activity for CO and HC compared to the pure BaS04. Table 6.11 
shows that LOT co and LOT HC at 10 % conversion for the latter were found to be 700 and 
726.8 K respectively. 
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Figure 6.49 Conversion of CO, NOx and HC using pure BaS04 (99.9%) catalyst at 
uN=600001h under toichiometric conditions 1..=1 
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Platinium CPt) and gold CAul as Dopants in oxalated water-borne boehmite 
Two other cataly t were prepared by doping Pt and Au in barium oxalate in water-borne 
boehmite. Another one wa prepared for comparison purposes: 5 % BaC20,JAlOOH 
(method i shown in ection 6.5.8). In these catalysts oxalate was used as an intermediate 
to bind metals (Ba and Pt or Au) to colloidal AIO(OH). Oxalate in AlO(OH) ha been 
previou ly mentioned in the literature [235]-[236]. As described in Chapter 5 that was 
prepared under acidic condition and therefore posses es a slightly po itive charge, to 
which the negati e oxalate i ea ily attached. Once the negatively charged oxalate i 
adsorbed, any number of the metal cations can then be added, forming metal oxalates 
adsorbed to the boehmite surface [237]. Oxalate wa first added to a water-borne 
boehmite and di tilled water, followed by the addition of barium forming 5 % 
BaC20 ,JAlO(OH). 2.5 % of each platinum and barium was added to the oxalate boehmite 
giving a um of 5 % BaPtl AlO(OH). A similar route was taken for the preparation of 5 % 
BaAu/AIOOH in which Au wa used instead of Pt. BaC20 ,JAlO(OH) was found to 
hardly convert any CO, propane or NOx (Figure 6.50). 
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Figure 6.50 Con er ion of CO, NOx and HC using 5 % BaC20 ,JAIO(OH) cataly t at 
uN=60000/h under stoichiometric condition /..;: 1 
Inspection of Figure 6.51 and Table 6.19 data show that 5 % BaPtlAIO(OH) catalyst 
prepared in thi s work generally has a great tendency to convert both CO and HC. LOTco 
and LOTHc at 10 % CO and HC conver ions were found to be 543.9 and 560 K 
respectively which i at a much lower temperature as compared to that obtained by 5 % 
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BaSOJ AlO(OH) (700 and 726 K respectively). In addition to the fact that LOTco at 90 % 
CO conversion by BaPtJAlOOH catalyst was found to be 585 K while by 5 % 
BaSOJAlO(OH) LOTco was found to be 851.7 K which is again a huge difference in 
LOT co values. 
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Figure 6.51 Conversion of CO, NOx and HC using 2.5% BaPtJAIO(OH) cataly t at 
u!V=600001h under toichiometric conditions "-=1 
5 % BaAu/AIO(OH) cataly t was found to be relatively active (Figure 6.47). Its activity 
is less than 5 % BaSOJ AIO(OH) and accordingly 5 % BaPtJAIO(OH) but higher than 5 
% pure BaS04 (Figure 6.52). LOTeo and LOTHe at 10 % CO and HC conver ion u ing 5 
% BaAu/AIO(OH) were found to be 758 K and 874 K respectively. CO conversion goes 
up to 20 % at 837.7 K (Table 6.19). LOTeo at 10 % conversion using 5 % BaAu/AIOOH 
is not higher than that obtained by 5 % BaSOJAIO(OH). It was noticed from the results 
that CO conversion by 5 % BaAui AIO(OH) doe not go up to 50 % and 90 % conversion 
while 5 % BaSOJAlO(OH) goe up to 50 % and 90 % of CO conversions. However it 
has been mentioned before in literature that Au has a low catalytic activity in the reaction 
acquiring the activation of the C-H bond (propane in this case) which agrees with the 
results in Figure 6.52 [238]. 
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Figure 6.52 Conversion of CO, NOx and HC using 5 % BaAu/AlO(OH) catalyst at 
uN=600001h under stoichiometric conditions AFl 
A three-way catalyst (TWC) purchased from MIRA for comparison reasons was al 0 used 
in CO, HC and NOx conversion. It is clear from Figure 6.47 that the catalyst converts HC 
and CO but no NOx was converted. In addition to that the catalyst is very efficient as 
LOT co and LOT HC at 10 % conversion were found to be 412.1 K and 501 .5 K 
respectively. This is approximately 100 K less than theLOTco at 10 % conversion 
obtained by 5 % PtBalAIO(OH) (Table 6.13). Comparison of TWC MIRA with 5 % 
BaSOJAIOOH LOTco and LOTHC obtained by the former is much less compared to the 
latter (Table 6.13). Although this is the case, 5 % BaPtlAIO(OH) prepared in this work 
seems to be catalytically active compared to the commercial TWC MIRA. In conclusion 5 
% BaPtlAIO(OH) can be used as a commercial catalyst. 
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Figure 6.53 Conversion of CO, NOx and HC using TWC MIRA catalyst at uN=60000/h 
under stoichiometric conditions AFI 
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Table 6.19 Light of temperature (LOT) for HC and CO using different catalysts 
LOTcOIHc LOTco LOTco LOTco LOTco LOTHC LOTHC LOTHC 
Catalysts 10 % (K) 20 % (K) 50%K 90 % (K) 10 % (K) 20 % (K) 50 % (K) 
AIO(OH) 849 
5 %BaC2OJAIO(OH) 
5% BaSOJAIO(OH) 700 743.7 800.9 851.7 726.8 875 
5% BaS04 pure 846.6 855 
5% BaPtIAlO(OH) 543.9 552.6 564.8 585 560 619.9 
5% BaAulAIO(OH) 758 837.7 874 
TWCMIRA 412.1 416.6 435.3 483.65 501.5 559.9 650 
6.5.5 Oxygen Storage Capacity (OSC) 
Oxygen storage capacity was obtained for each catalyst prepared during the course of this 
work. This was carried out by using an N2 only gas stream and then injecting alternate 
pulses of dry air (2 cm3) first followed by CO (2 cm3, 6 % in N2) the source of which is 
the same as that used in the catalytic rig (section 2.2.17). The injection of CO (2 em3) 
caused peaks (area under peak) appears in the output of the CO analyser and the size of 
the peak determines how much of the injected CO had undergone a reaction (pulse data in 
Appendix). where the CO is converted to CO2 by the equation: 
(6.13) 
This can happen when the catalyst stores the oxygen from the previous injection (air). The 
experiment was run twice. once at room temperature (298 K) and the other at 873 K. 873 
K was chosen because most of the catalysts prepared here shows catalytic activity at or 
around this temperature. OSC was then calculated as the percentage difference of the 
peak areas between the two runs as given in Figure 6.46. Results from Figure 6.48 shows 
some how a similar pattern to that observed in catalysis, in other words 5 % 
BaSOJAIO(OH) for example showed a better catalytic activity compared to 5 % pure 
BaS04 which is the case in oxygen storage as well. The only difference observed was that 
5 % BaAulAIO(OH) showed a much higher (4 fold) oxygen storage capacity than 5 % 
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BaSO,JAIO(OH) catalyst, while the latter cataly t showed a much better activity 
compared to the former (Table 6.20). This might be due to the oxalate present in the 
surface of the former catalyst, while the later ha S02 in the surface (equation 6.14, 
6.15). Kim et al. [239] have reported that C02 a sists with the removal of ulphur pecie 
from the catalyst surface. 
Pulse data were determined by an area under a peak programme which give data on an 
Excel spread heet hawing the beginning and the end of the peak (x J and x2) together 
with its maximum height (Max) (Tables 6.20 and 6.21). 5 % BaSO,J AIO(OH) data at 298 
K and 873 K were used here as a representative example (rest of data in Appendix). 
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Figure 6.54 Measurements of the oxygen storage capacity (OSC), the percentage of total 
oxygen (from 2 cm3 of dry air) stored on different catalysts at 873 K 
Table 6.20 Oxygen storage capacity (OSe) pulse data for 5 % BaSOJAIO(OH) at 298 K 
xl yl x2 y2 Max Area 
12.15 -36.32 12.95 -35.56 139.93 30.84 
14.90 -36.62 15.75 -35.86 142.83 31.7 1 
17.90 -36.78 18.60 -35.25 147.7 1 31.54 
20.80 -36.62 2 1.60 -36.01 139.93 29.9 1 
23 .70 -36.62 24.65 -36.62 136.88 32.90 
Mean 31.38 
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Table 6.21 Oxygen storage capacity (OSC) pulse data for 5 % BaSOJAIO(OH) at 873 K 
xl vI x2 y2 Max Area 
8.85 -38.45 10.40 -37.84 118.87 26.87 
13.25 -38.15 14.45 -38.00 147.71 27.43 
18.80 -38.61 . 19.90 -38.30 132.00 29.13 
21.20 -38.45 22.20 -38.00 147.10 28.06 
23.90 -38.30 24.95 -38.15 lt8.57 26.57 
Mean 27.61 
The total % oxygen stored in a catalyst was calculated using the following equation: 
Mean peak area at 298 K - Mean peak area at 873 K xl 00 % 
Mean peak area at 298 K (6.14) 
After carrying out the catalytic activity tests, the catalysts were reanalysed by XRD. 
AIO(OH) was found to have (alumina peaks) Ah03, because some of the peaks previously 
found in AIO(OH) (Figure 5.27 a) disappeared (Figure 6.55). Ah03 XRD peaks were 
found to be similar to those reported in the literature [240] at 38°, 46° and at 67.5° that 
are the reflections of {031}, {400} and {440} respectively. The particle size of Ah03 
using the Debye-Scherrer equation (equation 5.5) was found to vary between - 3-15 nm 
(work out below) which is slightly lower than that of boehmite (2-27 nm). The size were 
calculated as follow (the peak at 66.8° in Figure 6.50 was taken representative example): 
in Figure 6.50 (the full width at half maximum (FWHM) at e equals 66.8°) was found to 
be 3 0. p was measured as in equation 6.14, and D (particle size) was calculated from 
equation 6.15 which showed that the particle size is 31.4 A or 3.1 nm. 
p = 3x3.18 =0.053 
180 
D = 0.9x1.54 31.4.4 
0.053xO.834 
(6.15) 
(6.16) 
Similarly the FWHM at 46 ° was found to be 2.7°. The particle size was found to be 3.2 
nm (equations 6.16 and 6.17). 
P _ 2.7x3.18 0.048 
- 180 
(6.17) 
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D = 0.9x1.54 =32.1.4. 
0.048 x O.92 
Applications 
(6.18) 
The FWHM of the peak at 38.1 ° was found to be 5.7°. The particle size wa then found to 
be 145.9 A or 14.6 nm (equations 6.18 and 6.19). 
/J= 5.7X3.18=0.01 
180 
D = 0.9xl.S4 =145.9 A 
0.0IxO.95 
400 
300 
.£ 
'" 200 c
... 
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c 
-
100 
(6.19) 
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Figure 6.55 X-ray diffraction analysis (XRD) of Ah03 only (AlO(OH) after catal.y i ) 
Similarly to Figure 6.55 the boehmite peaks in Figure 6.56 al 0 converted to alumina, 
while the BaS04 peaks were found to remain similar to those in Figure 5.27 b (before 
catalysis) [241]. XRD of 5 % BaSO,JAh03 showed large particles (sharp peaks) at 25.8°, 
26.90 and 28.7° in addition to small particles (broad peaks) at 38.3°, 46° and 66.9°. The 
BaS04 peaks obtained here agree with tho e obtained by Nagaraja et at. [54]. The 
particle size according to XRD was found to vary between 3-30 nm after cataly i , which 
shows some shrinkage from the result obtained before catalysis 7-57 nm. 5 % 
BaSO,JAIO(OH) CO conversion took place under slightly oxidation condition the 
reaction in equation 6.20 was suggested to occur first. BaS04 is converted to BaC03 
under reaction gases C02 and air, in the temperature range 523-673 K according to 
Stakheev et al. [242], as shown in the following equation: 
261 
Chapter 6 Applications 
523-673K ) BaCO + SO +.!. a 
3 2 2 2 
(6.21) 
BaC0 3 produced here is thermally unstable [243] due to the support. It wa previously 
mentioned in the literature [243] that the support influence is dominant in a Ba cataly t at 
low barium loading (5 %). Therefore it decomposes at temperature> 737 K according to 
the following equation: 
673-773K ) Baa + CO 2 
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Figure 6.56 X-ray diffraction analysis (XRD) of 5 % BaSO,JAIO(OH) 
(6.22) 
70 
BaOIAIO(OH) will then react with hydrocarbon (C3H7) forming propylene; according to 
data in this work conversion temperature range 680 to 890 K. This temperature agree to 
that previously reported in literature by AI-Zahrani et ai. [244]. They reported that the 
conversion temperature was found to be in the range between 623 to 723 K and the 
percentage of C3HS conversion was found to be around 9 to 17 % using Ba in A120 3. The 
yield of C3HS conversion reported by them was found to be less than data obtained in thi 
work (Table 6.19). Equation 6.22 shows conversion reaction of C3HS by BaO: 
(6.23) 
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After knowing the reactions took place in the rig using 5 % BaSOJAIO(OH), the rea on 
behind low catalytic activity of 5 % BaSOJAIO(OH) was known. At the beginning of 
reaction (equation 6.20) S02 was formed as a by product in the catalyst' urface. S02 
was known to affect the activity of the catalyst [245]. 
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Figure 6.57 X-ray diffraction analysis (XRD) of 5 % BaS04 pure 
A comparing crystal faces ' peaks in Figures 6.56 and 6.57, a shift in the peak wa 
noticed in the former from its original places. For example, peak 20.2° in the latter hifted 
to 20°, in the former, also that at 25.13° in the latter shifted to 25.7° in the former. 
Another appreciable shift was noticed in the peak 33° in the latter shifted to 32.8 in the 
former. The results shown in Figure 6.56 seem to be similar to tho e in Figure 5.27 b 
(before catalysis). The particle sizes are huge compared to the catalysts prepared in this 
work (5 % BaSOJAIO(OH». It was found to vary between 40-90 nm. This ob ervation i 
in agreement with the catalytic activity data in Figure 6.49 and Table 6.19 which hardly 
shows any activity. No change in particle size wa noticed in the 5 % pure BaS04 after 
catalysis. 
5 % BaC20J Ah03 catalyst after catalysis has smaller particle sizes (3-15 nm) compared 
to those before catalysis (20-50 nm) (Figure 6.58). This shrinkage maybe due to the 
evaporation of H20 and the release of C02 after heating up to 800 K during cataly is. 
This result agrees with the TGA as the weight loss was 22.5 %. 
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Figure 6.58 X-ray diffraction analysi (XRD) of 5 % BaC20 ,vAh 0 3 
The X-ray diffraction anaIy is (XRD) of 5 % BaAu/AIO(OH) after cataly i i shown in 
Figure 6.54. It is clear that the Ba, Au nanoparticles are embedded in alumina (peaks 
similar to alumina peaks in Figure 6.59). Thus the sharper the peaks, the larger i the 
particle size. Particle sizes of 5 % BaAu/AIOOH (by XRD) before and after catalys is 
were found to be around 3-10 nm in the former while it is only 10-50 nm in the latter. 
This result indicates that the particles the particles became larger after cataly is 
(aggregation) . The enlarging of the particle size may explain its low catalytic activity. 
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Figure 6.59 X-ray diffraction analysis (XRD) of 5 % BaAu/Ah0 3 (*) showing the Al20 3 
peaks 
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Gold peaks were detected by XRD at 38.2°, 44.3° and 64.7° (Figure 6.54) [246]. Crystal 
faces shown in Figure 6.54 are {Ill}, {200} and {220}. 
Unlike the BaAuJAh03 particles in Figure 6.59, 5 % BaPt/Ah03 (Figure 6.60) howed 
that particles are completely embedded forming sharp peaks which mean an enhanced 
crystalline state. Another factor that upports is that the Pt particles are embedded in 
Ah03 is the appearance of the peaks (Figure 6.60). It was noticed that the fir t peak 
appears at 38° in the 5 % BaPtJA20 3 while Ah03 alone appears at 39.7°. In other word 
the peak shifted, this might be due to the Pt presence at 39.7°. The appearance of platinum 
peaks at 39.7°, 46.2° and 67.3° was previously reported in the literature [247]. The ize of 
particles prior to catalysis was found to be 19-70 nm while after catalysi their izes vary 
between 7-12 nm. A possible explanation is that the small particle size increa es the 
catalytic activity. The observed peaks appear to be a combination of Pt and Ah03. In 
Figure 6.55 the (11k!) crystal faces for Ab03 are {440} {400} and {03 J }, while for Pt they 
are {Ill}, {200} and {220}. 
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Figure 6.60 X-ray diffraction analysis (XRD) of 5 % BaPt/AI20 3 after catalysi « *)Ah03 
peaks) 
6.5.6 Conclusions 
From the above discussion it is concluded that as far as the catalysis is concerned in this 
work: four different catalysts were prepared impregnated in AIOOH. Those cataly ts are: 
5 % BaSOJAlO(OH), 5 % BaC20JAIO(OH), 5 % BaPtJAIO(OH) and 5 % 
BaAu/AIO(OH). These four cataly ts in addition to AlO(OH) alone and a commercial 
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catalyst TWC MIRA, were tested for its activity. Thus each catalyst (-0.1 g) was placed 
in a reactor and heated (873 K) under gas mixtures (CO, N2, air, NO, N02 and HC). The 
reaction conditions involved in this work were stoichiometric where the fuel and oxidant 
(air) were chemically balanced. Data were collected and analysed in an Excel spreadsheet 
the LOT (light-off temperature) which is the temperature at which specific (e.g. 10 % or 
50 %) conversion of gases (CO, HC in this case) will take place [248]. 5 % BaPtlAIOOH 
was found to possess the highest catalytic activity after MIRA as its LOTco at 90 % 
conversion was found to be 585 K in the former and 435.3 K in the latter. The difference 
was found to be very significant. On the other hand LOTHC at 20 % conversion was found 
to be 619.9 K in the former and 559.9 K in the latter. 5 % BaSOJAIO(OH) showed a 
very high catalytic activity as it converts up to 90 % CO at 851.7 K, and 20 % of HC at 
875 K. 5 % BaSOJAIO(OH) possesses more catalytic activity than 5 % BaAu/AIO(OH). 
The OSC of the catalysts prepared in this work were found to be very high for 5 % 
BaPtlAIO(OH) and 5 % BaAulAIO(OH) it was found to be 73.2 % and 51.8 % 
respectively. While 5 % BaSOJAIO(OH) was found to have low OSC as it can only store 
12 %. Comparable to pure BaS04, 5 % BaSOJAIO(OH) was found to be more 
catalytically active and possesses more OSC. 
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Chapter 7 
7 Discussion and Conclusions 
7.1 Discussion 
Most of the BaS04 morphologies prepared in this work were found in literature. Starting 
from the colloidal BaS04 nanoribbons which have been reported by Sermon et al. [125]; 
nanoribbons prepared in this work were found to be smaller (16-50 nm) compared to (50-
60 nm) reported by Sermon et al.[125]. Differences might be due to the type of reactors 
used, in addition to EtOH:H20 solvent ratio (1:3 in this work while 1: 1 reported) and 
BaCh:Na2S04ratio as well. 
BaS04 microemulsions reported in this work were: BaS04 nanoribbons (size ~ J.tl) in 
AOT which is formed by aggregation of small platelets (size 18-37 nm). On the other 
hand filaments or fibres (2-20 J.tm) of BaNaJAOT which was formed from small oval (70-
150 nm long, 50-100 nm wide) shaped particles were prepared by Hopwood and Mann 
[149]. They have also reported formation of microemulsions of BaS04 in C12E04 (tabular 
in shape, size 50-100 nm width and.loo-4oo nm length), while those prepared here were 
found to be baguettes and thin platelets (25-60 nm) (section 4.2.1). As far the author is 
aware baguettes (12-28x25-3oo nm) BaS04 in sucrose esters reported here have not been 
reported in the literature before (section 4.2.2). 
Water-borne boehmite has been mentioned before in literature, but the precursors were 
found to be different to those used in this work. Method used to prepare AIO(OH) in this 
work was found to be cheaper; to get 100 cm3 of AIO(OH) all is need is 1 cm3 of 
aluminium tri sec butoxide (ASB) (AI(OC4H9)3), while Yoldas [182] reported using 
isopropoxide (Al(OC3H7)3) in addition to the former. 
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Methodology wise BaS04 in AIO(OH) nanoparticles prepared in this work has not been 
reported before as far as the author is aware. But BaO/AhO) has been reported before in 
literature [249]. On the other hand preparation of sulphated boehmite has been reported 
before in literature [250]; a hydrothermal method was developed to synthesize boehmite 
nanorods with a length of 50-2000 nm, a diameter of 6-20 nm, and a preferential growth 
along [100] by treating the AI(OHh gel in acidified sol- solutions at 513 K. Studies on 
the hydrothermal treatment of AI(OHh gel in sol solutions showed that the morphology 
and the composition of the hydrothermal products were connected with the sol 
concentration and the pH of the hydrothermal solution. The aspect ratio of the boehmite 
nanorods increased to 300 as the initial H2S04 concentration increased to 0.043 mol/dm3, 
whereas boehmite nanorods and (H30)Ah(S04h(OH)6 cubic particles coexisted in the 
case of the initial H2S04 concentration ~ 0.054 moUdm3• Sole boehmite nanoflakes with a 
diameter of about 50 nm were formed under alkaline conditions (pH 10.5) despite the 
existence of the solo. The chemical and Raman analyses indicated that S042- in acidified 
solutions adsorbed on the boehmite surface via H-bonds. 
Ying et a1. [251] reported preparing monodispersed nanocrystals of BaS04 and boehmite 
using T-type microchannel reactors. The second reactor was used to synthesise boehmite 
by neutralization of NaAI02 and Ah(S04h. Changing the proportion of NaAI02 and 
Ah(S04») will lead to different pH values which determine the phase of alumina. High 
efficiency of micromixing is the key factor of the purity of the alumina morphology. 
Na2CO) was used to adjust pH at given value during aging process. Aging is 
indispensable for the amorphous alumina to crystallize to boehmite. Raising the age 
temperature would reduce the time the crystallization need. BaS04 nanocrystals were 
prepared prior. to mixing with boehmite. BaS04 in boehmite was found to be formed at 
pH 9 by increasing amount of NaAI02. Their boehmite was found to be a mixture of 
alumina with different structures. In addition to XRD of BaS04 in boehmite possess no 
obvious peaks and relatively low intensity [251]. In other words, the yield of BaS04 in 
boehmite prepared by Ying et al. [251] was found to be low. While the BaS04 in 
boehmite prepared here yields approximately 290 ppm or (0.29 gldm3). 
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BaS04 nanoparticles prepared by T-type michrochannel reactor were found to be 
aggregates of small BaS04 crystallines (12-25 nm), they also reported that the flow rate 
affects the particle size, as the particles were found to be narrowly distributed and smaller 
in size at high flow rate (40 cm3/min). They added that at smaller BaS04 particles were 
seen at higher concentration of precursors (0.5 mol/dm3 of each BaCh and Na2S04). 
BaS04 in boehmite prepared here was found to be a good solution for scale prevention as 
the sol- in sea water can easily attach to the +ve surface of boehmite sol prepared here 
before injection (section 5.2.6). 
BaS04 have been used as an oxygen carrier in chemical looping combustion process 
(details in section 1.4). PtBalAh03 adsorbed NO, NO/02, and N02 at 623 K reported by 
Piacentini et al. [252]. The data suggest that in the presence of 0, NO is effectively 
adsorbed (at a Ba site in proximity of a Pt site) through stepwise oxidation to form at first 
nitrites that are progressively transformed into nitrates. NO is also oxidized to N02 over 
Pt in the presence of oxygen. N02 is directly adsorbed to form Ba nitrates according to a 
disproportionate reaction, which occurs with the evolution of NO. They have used a high 
Ba and platinum loading «5 wt%). 
While catalysts prepared here (section 6.4.3 and 6.4.4): e.g. BaPt/AIO(OH) had a lower 
BaPt loading (2.5 % each as oxalate) in 95 % AIG(OH). This is found to be more 
economically compared to that prepared by Piacentini et al. [252]. 
7.2 Conclusion and future work 
It has been mentioned in the beginning of this work that the main of this work is to design 
tiny barium sulphate (BaS04 nanoparticles) that can control BaS04 scaling during oil 
recovery. This target has been achieved successfully. Different methodologies have been 
selected in order to get this target accomplished: the colloidal method in which colloidal 
BaS04 in EtOHlwater solvent using rapid or reactor mixing of BaCh and Na2S04 
(precursors). BaS04 rhombohedra particles were reproduced when mixing the precursors 
rapidly, while dendrite-like particles were formed by the reactor mixing in addition to 
nanoribbons. The size of the nanopartic1es formed using this method was found to be 
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dependent on the mixing method. The size of BaS04 nanoparticles formed by rapid 
mixing were found to vary between 16-150 nm, while the ones formed by the reactor 
were found to vary between> I-50 nm. The latter particles aggregate forming nanoribbons 
and dendrite-like aggregates (size 16x69-91x311 nm). Colloidal BaS04 was also formed 
in this work using poly phosphinocarboxylic acid as an inhibitor. Only one out of four 
phosphinocarboxylic acids used in this work formed a BaS04 brush-like structure 
(forming from a cone-like shape (size 600x2500 nm) and a stick (size 100x2080 nm». 
The microemulsion was the next methodology used in this work to form BaS04 
microemulsions using variable surfactants (cationic (AOT), anionic (DDAB) and non-
ionic (C12E04»' BaS04 platelets (size 18-37 nm) were formed with AOT aggregated 
longitudinally forming nanoribbons (1 J.lm). Cylindrical BaS04 were formed by DDAB 
surfactant (11-60 nm length and 7-26 width). On the other hand C12E04 formed baguettes 
and thin platelets (size 25-60 nm). Conductivities of BaS04 nanoparticles prepared here 
proved that they are W/O type. Successful doping of Sr, Mg and calcium with BaS04 
microemulsions was achieved in. this work. The point behind this achieving is that the 
formation water was found to contain some of those elements [253]. 
Barium sulphate (BaS04) nanoparticles produced with the previously mentioned 
surfactants were found to be unharvestable, in other words they can not be separated from 
the microemulsion (PIT method was used). Sucrose esters and TXlOO were then used as 
surfactants. BaS04 nanoparticles (size 11-29 nm) were formed in TXlOO using 
cyclohexane 'as' a solvent. The BaS04 particles were then separated using fractional 
distillation which changed the shape and size of the particles. Freeze drying was 
considered as a separation technique which was successful, but the nanoparticles could 
not be harvested due to the surfactant presence. Although small particles with variable 
shapes have been obtained using this method but unfortunately it was found to be 
impossible to harvest them. 
BaS04 nanoparticles were then prepared in a boehmite (AlO(OH» sol. They were found 
to be easily prepared using this method. As AIO(OH) possesses a slightly positive charge 
(SOl) from Na2S04 is was easily attached forming negatively charged SOl/AIOOH. To 
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the SOl-IAIO(OH) Ba2+ from BaCh solution was added forming BaSOJAIOOH. 
BaSOJ AIO(OH) was found to be very small nanoparticles (1-3 nm) which underwent 
aggregation forming a bowtie structure (36-150 nm). BaSOJAIO(OH) particles were 
easily harvested (formed in an aqueous solution) using the freeze dry method. 
At this point the first target was achieved after which applications were then investigated. 
Thus BaS04 in AIO(OH) was tested for scale prevention by measuring its inhibition 
efficiency in variable concentrations of BaS04 in AIO(OH) under different experimental 
conditions (RT, heating 320 K agitation). It was found that the least amount precipitated 
at 298 K from a low BaS04 (64 ppm) concentration in AIO(OH) solution. The good news 
is that at a higher temperature (320 K) the percentage of precipitation was found to be 
equal regardless of the starting concentration. Agitation was found to have a slight effect 
in the degree of precipitation. 
BaSOJAIO(OH) was investigated for its medical diagnosis property using 2-D imaging. 
Results obtained showed that BaSOJAIO(OH) can remain in solution for up to 50 min 
whereas, commercial BaS04 in HzO precipitates after 10 min. 
BaS04 was used in catalysis using a catalytic rig; its catalytic activity was compared to 
another three catalysts prepared in this work using AIO(OH) method; 5 % 
BaCzOJAIO(OH), 5 % BaPtlAIO(OH) and 5% BaAulA10(OH). The catalysts together 
with extra pure BaS04 have been used in a rig as a car exhaust by removing the pollutants 
and replacing them to more desirable compounds. Three way catalyst (TWC) purchased 
from MIRA was used as standard. Three gases (NO", CO and air) were passed through 
each catalyst independently at 873 K in stoichiometric conditions (A.=I). 5 % 
BaPtlAIO(OH) was found to have the highest LOTco and LOTHC conversion 
temperatures followed by 5 % BaS04, then 5 % BaAulAlO(OH) and 5 % 
BaCzOJ AIO(OH). TWC Mira was found to have higher LOT co and LOT He than 5 % 
BaPtlAIO(OH). OSC for each catalyst was also measured by CO pulses. 5 % 
BaSOJAIO(OH) was found to have lower OSC as compared to 5% BaPtlAlOOH and 5% 
BaAulAIO(OH). This was attributed to the poisoning of the surface with SOz. At the end 
of this project it was noticed that the main target of this project was achieved 
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successfully. BaS04 was found to be hosted by AIO(OH) and had applications in scale 
prevention and possess catalytic activity. 
Future work considered is using 5 % BaSOJAIO(OH) as a catalyst using the same rig in 
lean (1..>1) and rich fuel (Ad) conditions which might be useful for chemical looping 
combustion and NOx storage. 
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Appendix 
Table A. 1 Electron diffraction patterns for the BaS04 (Figure 5.26) core and the 
surrounding AlO(OH). Bar = 500 nm 
a b 
c d 
Table A.I represents electron diffraction pattern of (a): patterns ob erved in (b) 
and (c) (taken from the side of (a)) are of the amorphous type, in agreement with 
many observations in literature, which correspondence to amorphou AlOOH 
produced here. Diffraction (d) was taken from the middle of (a) BaS04 i 
interpreted, On this exposure one can see the individual Ba2+, which interact 
strongly with the electron beam due to their high atomic number and reveal the 
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regular crystal lattice of a monocrystal. Reflection A = {002} = 0.378 nm, B = 
{Oll}= 0.244 nm and C = {020} = 0.280 nm. 
TableA.2 
BaSO. (121 ppm) Scaling in AIO(OH) in H20 at 
298K 
Time 
(min) [Ba] dil (ppm) [Ba2+] in sol precipitated 
blank 0.00 0 
0 119.42 1.58 
30 80.39 40.61 
60 67.67 53.33 
90 61.21 59.79 
120 57.46 63.54 
150 52.69 68.31 
180 50.61 70.39 
210 48.72 72.28 
240 44.69 76.31 
270 44.26 76.74 
300 43.86 77.14 
330 41.87 79.13 
360 41.37 79.63 
TableA.3 
BaS04 (64 ppm) Scaling in AIO(OH) in H20 at 298 
K 
Time 
(min) [Ba] dil (ppm) [Ba2+] in sol precipitated 
blank 0.00 0 
0 38.92 25.08 
30 31.39 32.61 
60 31.31 32.69 
90 30.59 33.41 
120 31.55 32.45 
150 31.18 32.82 
180 31.36 32.64 
210 31.30 32.70 
240 31.71 32.29 
270 31.62 32.38 
300 30.95 33.05 
330 30.81 33.19 
360 30.58 33.42 
% precipitated 
0.00 
1.31 
33.56 
44.07 
49.41 
52.51 
56.46 
58.17 
59.73 
63.06 
63.43 
63.75 
65.40 
65.81 
% precipitated 
0.00 
39.18 
50.96 
51.07 
52.20 
50.70 
51.29 
51.00 
51.09 
50.45 
50.60 
51.64 
51.86 
52.22 
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TableA.4 
BaS04 (121 ppm) Scaling in AIO(OH) in H10 at 320 
K 
Time 
(min) [8al dil (ppm) [8a2+] In sol precipitated 
blank 0.00 0 
0 86.63 34.37 
30 48.55 72.45 
60 32.49 88.51 
90 25.38 95.62 
120 19.29 101.71 
150 16.74 104.26 
180 14.28 106.72 
210 13.50 107.50 
240 11.72 109.28 
270 10.58 110.42 
300 10.30 110.70 
330 10.11 110.89 
360 9.36 111.64 
Table A.S 
BaS04 (64 ppm) Scaling in AIO(OH) in H10 at 
320K 
Time 
(min) [8aldll(ppm) [8aZ+J In sol precipitated 
blank 0.00 0 
0 40.10 23.90 
30 20.13 43.87 
60 13.85 50.13 
90 11.64 32.36 
120 9.61 54.39 
150 7.82 56.18 
180 6.98 37.02 
210 6.25 37.73 
240 3.68 58.32 
270 3.22 58.78 
300 4.77 39.23 
330 4.31 59.49 
360 4.50 59.50 
Appendix 
% precipitated 
0.00 
28.40 
59.88 
73.15 
79.02 
84.06 
86.17 
88.20 
88.84 
90.31 
91.26 
91.49 
91.64 
92.26 
% precipitated 
0.00 
37.34 
68.33 
78.36 
81.81 
84.98 
87.78 
89.09 
90.23 
91.13 
91.84 
92.35 
92.95 
92.97 
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Table A.6 
BaS04 (121 ppm) Scaling in H20 at 298 K 
Time 
(min) [Ba] elil (ppm) [Ba1+] In sol precipitated % precipitated 
blank 0.00 0 0.00 
0 64.01 56.99 47.10 
30 33.33 87.67 72.45 
60 22.93 98.07 81.05 
90 17.91 103.09 85.20 
120 14.92 106.08 87.67 
150 12.95 108.05 89.30 
180 11.46 109.54 90.53 
210 10.25 110.75 91.53 
240 9.40 111.60 92.23 
270 8.49 112.51 92.98 
300 7.75 113.25 93.59 
330 7.20 113.80 94.05 
360 6.73 114.27 94.44 
TableA.7 
BaS04 (64 ppm) Scaling in H20 at 298 K 
Time 
(min) [Ba] elil (ppm) 1Ba1+] In sol precipitated % precipitated 
blank 0.00 0 0.00 
0 34.87 29.13 45.52 
30 26.86 37.14 58.04 
60 19.26 44.74 69.91 
90 15.38 48.62 75.97 
120 12.73 51.27 80.11 
150 10.96 53.04 82.88 
180 9.70 54.30 84.85 
2\0 8.75 55.25 86.33 
240 8.01 55.99 87.48 
270 7.42 56.58 88.40 
300 6.94 57.06 89.15 
330 6.54 57.46 89.78 
360 6.20 57.80 90.31 
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Table A.8 
BaSO. (121 ppm) Scaling in HzO at 320 K 
Time 
(min) [8a] dil (ppm) [8a~]ln sol prec!IJitated 'Ji> .l!!"ec!IJitated 
blank 0.00 0 0.00 
0 87.43 33.57 27.74 
30 41.54 79.46 65.67 
60 28.58 92.42 76.38 
90 19.63 101.37 83.77 
120 14.52 106.48 88.00 
150 10.59 110.41 91.25 
180 ILlS 109.85 90.79 
210 11.98 109.02 90.10 
240 11.09 109.91 90.84 
270 9.75 111.25 91.95 
300 8.57 112.43 92.91 
330 8.65 112.35 92.85 
360 8.01 112.99 93.38 
Table A.9 
BaSO. (64 ppm) Scaling in H20 at 320 K 
Time 
(min) [8a] dli (ppm) ~Ba~ In sol precipitated 'Ji> precipitated 
Blank 0.00 0 0.00 
0 39.01 24.99 39.04 
30 19.40 44.60 69.68 
60 11.22 52.78 82.48 
90 8.14 55.86 87.28 
120 6.19 57.81 90.33 
150 5.04 58.96 92.13 
180 4.54 59.46 92.91 
210 3.99 60.01 93.77 
240 3.76 60.24 94.13 
270 3.76 60.24 94.13 
300 3.33 60.67 94.79 
330 3.30 60.70 94.84 
360 3.06 60.94 95.22 
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Table A.tO 
BaSO. (121 ppm) Scaling in AIO(OH) in H10 at 298 K with agitation (45 rpm) 
Time 
(min) IDa] dll (ppm) IDa2+] In sol j)reclpitated CJI, precipitated 
blank 0.00 0 0 
0 68.26 52.74 43.59 
30 43.09 77.91 64.39 
60 34.33 86.67 71.63 
90 30.77 90.23 74.57 
120 28.88 92.12 76.13 
ISO 27.98 93.02 76.88 
ISO 24.75 96.25 79.55 
210 24.05 96.95 80.12 
240 23.96 97.04 80.20 
270 23.08 97.92 80.93 
300 23.73 97.27 80.39 
330 22.86 98.14 81.11 
~ 
360 21.38 99.62 82.33 
TableA.ll 
BaSO. (90 ppm) Scaling in AIO(OH) in H10 at 298 K with 
agitation (45 rpm) 
Time 
(min) [Da) dll (ppm) IDa2+] In sol precipitated % precipitated 
blank 0.00 0 0 
0 68.26 21.74 24.16 
30 43.49 46.51 51.68 
60 32.49 57.51 63.90 
90 27.82 62.18 69.09 
120 24.71 65.29 72.54 
ISO 22.45 67.55 75.06 
180 19.32 70.68 78.53 
210 18.95 71.05 78.94 
240 18.53 71.47 79.41 
270 18.18 71.82 79.80 
300 18.02 71.98 79.98 
330 18.01 71.99 79.99 
360 17.31 72.69 80.n 
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Table A.12 
BaS04 (64 ppm) Scaling in AIO(OH) In H20 at 298 K with 
agitation (45 rpm) 
Time 
(min) [Ba] dl) (ppm) [Ba2+] In sol precipitated 9D precipitated 
blank 0.00 0 0 
0 34.87 29.13 45.52 
30 26.86 37.14 58.04 
60 26.80 37.20 58.13 
90 22.74 41.26 64.47 
120 20.38 43.62 68.16 
ISO 18.69 45.31 70.80 
ISO 17.15 46.85 73.20 
210 16.21 47.79 74.67 
240 15.15 48.85 76.33 
270 14.59 49.41 77.20 
300 14.20 49.80 77.81 
330 13.55 50.45 78.83 
360 13.39 50.61 79.08 
TableA.13 
BaS04 (121 ppm) Scaling In AIO(OH in H20 at 320 K with 
agitation (45 rpm) 
Time 
(min) [Ba] dll (ppm) [Ba2+] in sol precipitated 9D precipitated 
blank 0.00 0 0 
0 62.27 58.73 48.54 
30 36.54 84.46 69.80 
60 27.30 93.70 77.44 
90 23.80 97.20 80.33 
120 19.65 101.35 83.76 
ISO 17.21 103.79 85.78 
180 14.81 106.19 87.76 
210 12.77 \08.23 89.45 
240 12.27 \08.73 89.86 
270 11.82 109.18 90.23 
300 11.39 109.61 90.59 
330 10.48 110.52 91.34 
360 9.71 111.29 91.98 
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TabIeA.14 
8aSO, (90 ppm) Scaling in AIO(OH) in H20 at 320 K with 
agitation (45 rpm) 
Time 
(min) [Ba] dil (ppm) [Ba2+] in sol precipitated % precipitated 
blank 0.00 0 0 
0 32.47 57.53 63.92 
30 19.58 70.42 78.24 
60 15.75 74.25 82.50 
90 11.97 78.03 86.70 
120 10.25 79.75 88.61 
150 9.40 80.60 89.56 
180 8.86 81.14 90.16 
210 8.00 82.00 91.11 
240 7.14 82.86 92.07 
270 6.63 83.37 92.63 
300 6.28 83.72 93.02 
330 5.99 84.01 93.34 
360 5.81 84.19 93.54 
Table A.IS 
BaSO" (64 ppm) Scaling in AIO(OH) in H20 at 320 K with 
agitation (45 rpm) 
Time 
(min) [Ba) dil (ppm) [Ba2+] In sol precipitated %~rec~tated 
blank 0.00 0 0 
0 16.48 47.52 74.25 
30 10.79 53.21 83.14 
60 9.17 54.83 85.67 
90 8.07 55.93 87.39 
120 7.23 56.77 88.70 
ISO 6.39 57.61 90.02 
180 5.81 58.19 90.92 
210 5.60 58.40 91.25 
240 5.47 58.53 91.45 
270 5.32 58.68 91.69 
300 5.13 58.87 91.98 
330 5.\3 58.87 91.98 
360 5.11 58.89 92.02 
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Table A.16 
BaSO .. (121 ppm) Scaling in H20 at 298 K with agitation (45 
rpm) 
Time 
(min) [8a] dil (ppm) [8aZ+]In sol precipitated % precipitated 
blank 0.00 0 0 
0 38.66 82.34 68.05 
30 31.55 89.45 73.93 
60 29.11 91.89 75.94 
90 24.69 96.31 79.60 
120 22.14 98.86 81.70 
150 22.05 98.95 81.78 
180 21.18 99.82 82.50 
210 19.30 101.70 84.05 
240 17.22 103.78 85.77 
270 16.14 104.86 86.66 
300 15.28 \05.72 87.37 
330 14.58 106.42 87.95 
360 14.02 106.98 88.41 
Table A.17 
BaSO .. (90 ppm) Scaling in H20 at 298 K with agitation 
(45 rpm) 
Time 
(min) [8a] diI (ppm) [8aZ+]In sol precipitated % precipitated 
blank 0.00 0 0 
0 30.18 59.82 66.47 
30 22.68 67.32 74.80 
60 17.74 72.26 80.29 
90 16.65 73.35 81.50 
120 13.87 76.13 84.59 
ISO 12.72 77.28 85.87 
180 11.99 78.01 86.68 
210 12.20 77.80 86.44 
240 12.27 77.73 86.37 
270 11.92 78.08 86.76 
300 11.50 78.50 87.22 
330 11.28 78.72 87.47 
360 11.25 78.75 87.50 
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TableA.18 
BaSO" (64 ppm) Scaling in H20 at 298 K with agitation 
(45rpm) 
Time 
(min) [8a] dll (ppm) [8a2+] In sol precipitated % precipitated 
blank 0.00 0 0 
0 27.79 36.21 56.58 
30 18.20 45.80 71.56 
60 12.64 51.36 80.25 
90 10.43 53.57 83.70 
120 9.18 54.82 85.66 
ISO 9.06 54.94 85.84 
180 8.62 55.38 86.53 
210 8.22 55.78 87.16 
240 7.97 56.03 87.55 
270 7.97 56.03 87.55 
300 8.04 55.96 87.44 
330 7.96 56.04 87.56 
360 7.94 56.06 87.59 
TableA.19 
BaSO" (121 ppm) Scaling in H20 at 320 K with agitation 
(45 rpm) 
Time 
(min) JBaldllJppm) [8a2+] In sol'preclpltated % precipitated 
blank 0.00 0 0 
0 20.72 100.28 82.88 
30 12.38 108.62 89.77 
60 9.08 111.92 92.50 
90 8.92 112.08 92.63 
120 7.85 113.15 93.51 
ISO 7.01 113.99 94.21 
180 6.31 114.69 94.79 
210 5.80 115.20 95.21 
240 5.57 115.43 95.40 
270 5.27 115.73 95.64 
300 4.99 116.01 95.88 
330 4.90 116.10 95.95 
360 4.75 116.25 96.07 
Appendix 
297 
TableA.20 
BaSO. (90 ppm) Scaling in H10 at 320 K with agitation 
(45 rpm) 
Time 
(min) [Ba] elil (ppm) [BaJ+] in sol precipitated ~ precipitated 
blank 0.00 0 0 
0 14.76 75.24 83.60 
30 9.32 80.68 89.64 
60 6.90 83.10 92.33 
90 5.91 84.09 93.43 
120 5.29 84.71 94.12 
ISO 5.18 84.82 94.24 
180 4.62 85.38 94.87 
210 4.21 85.79 95.32 
240 3.93 86.07 95.63 
270 3.90 86.10 95.67 
300 3.65 86.35 95.94 
330 3.49 86.51 96.12 
360 3.48 86.52 96.13 
TableA.21 
BaSO. (64 ppm) Scaling in H10 at 320 K with agitation (45 
rpm) 
Time 
(min) [Ba] elil (ppm) [BaJ+lln sol~reclpltated ~ precipitated 
blank 0.00 0 0 
0 15.31 48.69 76.08 
30 8.58 55.42 86.59 
60 6.29 57.71 90.17 
90 4.92 59.08 92.31 
120 4.45 59.55 93.05 
ISO 3.97 60.03 93.80 
180 3.54 60.46 94.47 
210 3.35 60.65 94.77 
240 3.10 60.90 95.16 
270 2.88 61.12 95.50 
300 2.75 61.25 95.70 
330 2.63 61.37 95.89 
360 2.52 61.48 96.06 
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Particle size deduced by DLS 
TableA.22 
BaS04 (121 ppm)/AIO(OH) particle size during 
scaling 
Time (miD) Particle size (om) 
0 512.3 
30 188.5 
60 130.8 
90 149.9 
120 290.7 
150 141.3 
180 197.2 
210 157.3 
TableA.23 
BaS04(64 ppm)/AIO(OH) particle size during scaling 
Time (min) Particle size (nm) 
0 138.4 
30 72.2 
60 185.7 
90 136.9 
120 211.1 
150 141.3 
180 138.2 
210 141.8 
Table A.24 
BaS04(121ppm)IH10 particle size during scaling 
Time (min) Particle size (nm) 
, 0 1216 
30 1203 
60 2000 
90 2500 
120 2797 
150 2715.7 
180 1427.7 
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Table A.2S 
BaS04 (64 ppm)IH10 particle size during scaling 
Time (min) Particle size (nm) 
0 348.5 
30 402.3 
60 723.5 
90 913.5 
120 2844 
150 1238 
2-D imaging Data measured by 'Image j' software 
Table A.26 
8aS04 121 ppm in AIO(OH) 
Mean Standard 
Area pixel Standard top:bottom deviation Error 
Time min) selected value deviation ratio ratio % 
0.5 Top 3.73 164.41 127.30 0.58 0.90 0.19 
Bottom 3.74 283.51 141.18 
10 Top 3.68 162.68 127.66 0.58 0.89 0.18 
Bottom 3.90 279.08 143.29 
20 Top 3.72 151.47 116.37 0.57 1.00 0.29 
Bottom 3.67 266.70 119.25 
30 Top 3.74 382.00 125.39 0.57 1.20 0.45 
Bottom 3.71 670.00 104.69 
40 Top 3.74 332.60 144.10 0.59 1.30 0.52 
Bottom 3.77 563.64 110.90 
SO Top 3.74 250.00 137.24 0.58 1.24 0.48 
Bottom 3.69 428.15 110.26 
60 Top 3.76 450.00 137.22 0.70 1.23 0.35 
Bottom 3.76 645.80 111.41 
70 Top 3.74 516.29 138.87 0.74 1.30 0.37 
Bottom 3.76 696.50 106.54 
80 Top 3.74 477.44 135.29 0.73 1.35 0.42 
Bottom 3.71 651.43 100.41 
90 Top 3.74 603.93 130.32 0.77 1.30 0.34 
Bottom 3.74 781.68 100.33 
Average 1.17 
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Table A.27 
Mean Standard 
Area pixel Standard top: bottom deviation Error 
Time (min) selected value deviation ratio ratio 'rc 
0.5 Top 3.64 217.79 132.25 0.60 0.97 0.18 
Bottom 3.77 361.17 136.86 
10 Top 3.79 220.51 132.36 0.59 1.02 0.23 
Bottom 3.78 372.61 129.97 
20 Top 3.72 199.52 78.16 0.57 1.33 0.51 
Bottom 3.76 349.44 58.55 
30 Top 3.72 537.85 110.27 0.70 1.21 0.28 
Bottom 3.72 766.14 90.89 
40 Top 3.77 470.00 126.65 0.68 1.26 0.34 
Bottom 3.75 690.91 100.71 
50 Top 3.76 360.90 128.35 0.64 1.35 0.45 
Bottom 3.74 560.10 95.21 
60 Top 3.76 531.99 115.48 0.70 1.28 0.35 
Bottom 3.74 764.67 89.93 
70 Top 3.74 610.47 122.03 0.73 1.32 0.34 
Bottom 3.74 830.97 92.15 
80 Top 3.72 568.05 112.79 0.73 1.30 0.32 
Bottom 3.78 776.82 86.75 
90 Top 3.77 682.40 108.79 0.75 1.28 0.29 
Bottom 3.74 905.86 84.68 
Average 1.23 
TPOandTPR 
Calibration of TPOffPR machine was carried out using (Ag20), 0.5 g of standard Ag20 
was heated up to 598 Kin H2, heating rate 10 Klmin. Tmax was found to be 506.1 K. BaS 
was oxidised by TPO. The powder was analysed by IR after oxidation. IR was used to 
reassure that oxidation took place. The IR of BaS after oxidation was compared to the IR 
of pure BaS04 and IR of pure BaS (Figure A.2, A.3 and A.4). 
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Figure A 1 Silver oxide reduction 
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Figure A 4 IR of pure BaS04 
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Figure A 5 IR of barium sulphide after oxidation by TPO 
Table A.26 Infrared absorption frequencies (em-I) of BaS, and BaS04 material and 
theirs mixture (BaS + BaS0 4) 
BaS BaS04 BaS and BaS04 Bonds assignments 
3390.3 I O-H stretching band (3000- 3390 em-I) 
2982.97 O-H stretching band 
1178.26 1149.22 BaS04 bend (1140 enfl) 
1073.92 1050.80 1039.97 S, 0 stretches ( 1080- 1140 em-I) 
978.70 982.93 958.27 BaS04 bend (989 em-I) largest band 
632.98 794.93 BaS04 bend (648-6 18 em-I) 
607.60 600.68 BaS04 water band (600-659 em-I) 
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Catalytic Acti ity of Catalysts prepared 
Calibration Data and plots 
AIOOH calibration data 
Peak time (s) peak area 
0 .50 
~ 
@ 0.40 i • 
<: 
l 
0.30 I 
25 
2 Average area = ± 0.39 mV 
0.50 1 
~ 0<0 1 
i 0 .30 j • 
30 
27.35 0.40 
42.13 0.39 
57.50 0.39 
Avera2e 0.39 
AIOOH calibration plot 
• 
35 40 45 50 
Peak time (min) 
TWC MIRA calibration data 
Peak time (s) peak area 
28.63 0.33 
58.45 0.33 
73.53 0.35 
Avera2e 0.33 
lWC MIRA calibration plot 
• 
55 
0 .20 ------__r_----~---__r_----~-
25 35 45 55 65 
Peak time (min) 
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Average area = ±O.33 my2 
0 .20 
H~ 
> E-
• ~ 0 .10 
.>C 
! 
0 .00 I 
10 
2 Average area = ±O.) 0 mY 
0.50 
'"> 
0 .40 j 
,5 
~ 0 .30 i • l 0 .20 
0 .10 
25 
5 % BaS04 pure calibration 
data 
15 
Peak time (s) peak area 
13 .23 0. 11 
27.13 0. 10 
36.60 0.09 
Avera2e 0.10 
5 % BaS 0 4 ~re cal ibration plot 
• 
20 25 30 
Peak time (min) 
5 % BaSOJ AIOOH calibration 
data 
Peak time (s) peak area 
29.48 0.27 
59.53 0.28 
74.50 0.30 
Avera2e 0.28 
5 % BaS 0 4/AJOOH calibration plot 
• 
35 45 55 
Peak ti me (min) 
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2 A erage area = ±O.28 mY 
0.40 
--; 0.30 
,g 
~ • 
l 0.20 
0.10 I 
25 
Average area = ±O.24 my2 
0.5 
.r- 004 j 
> 
,g 
• 
E 0.3 
l 0.2 
0.1 
28 33 
5 % BaPUAIOOH calibration 
data 
Peak time (s) peak area 
28.48 0.25 
58.75 0.25 
73.45 0.2 1 
Avera~e 0.24 
5 % BaPtlAJOOH cal I Irati on plot 
• 
35 45 55 
Peak time (min) 
5 % BaAuJAIOOH calibration 
data 
Peak time (s) peak area 
28.33 0.32 
45.60 0.34 
57.00 0.38 
Avera~e 0.35 
5 % BaAuJAJOOH Calilration plot 
• 
3 43 48 
Peak time (min) 
Appendix 
• 
65 75 
• 
53 58 
307 
2 Average area = ±O.3S mY 
0.50 , 
..r 0.40 
> 
.s 
~ 0.30 • 
,;I. 
''" 1 
£ 
0 .10 
25 
2 Average area = ±O.31 mY 
30 
5 % BaC20JAIOOH calibration 
data 
Peak time (s) peak area 
28.30 0.30 
44.43 0.31 
58.70 0.33 
Average 0.31 
5 % BaC204fAJOOH calibration plot 
• 
35 40 45 
Peak time (min) 
Appendix 
• 
50 55 60 
Oxygen Storage capacity peak areas at 298 and 873 K (see section 6.4.5) 
As mentioned before in section 6.4.5: xl and x2 are the beginning and ending points of 
the peak re pectively. Max is the maximum height of the peak. 
OSC of AlOOH at 298 K 
xl yl x2 v2 Max Area 
36.25 1.06 37.55 1.22 123.45 29.95 
40.90 0.76 42.55 0.76 164.65 29.76 
44.70 0.91 46.20 1.06 154.88 30.67 
55.60 0.61 57.15 1.06 153.66 30.04 
58.90 0.91 60.45 0.76 186.62 32.20 
Mean 30.52 
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OSC of AIOOH at 873 K 
xl yl x2 y2 Max Area 
26.25 0.46 27.95 1.38 164.81 28.90 
38.55 0.92 40.20 1.22 175.34 29.68 
57.50 1.53 59.45 1.84 188.31 27.80 
61.20 1.07 63.00 1.53 196.24 29.61 
66.60 1.38 68.35 2.14 186.17 29.50 
Mean 29.10 
OSC of pure BaS04 at 298 K 
xl yl xl y2 Max Area 
12.70 -25.18 14.40 -24.72 80.11 29.27 
17.05 -24.87 18.70 -25.18 67.30 29.16 
20.40 -25.64 21.85 -25.33 90.34 31.20 
23.05 -25.33 24.25 -25.18 89.12 32.72 
26.15 -25.64 27.60 -25.48 91.56 31.72 
Mean 30.81 
OSC of BaS04 pure at 873 K 
xl yl x2 y2 Max Area 
6.00 -20.45 8.60 -20.30 104.22 28.71 
9.60 -20.14 12.25 -19.99 157.94 30.69 
12.70 -19.07 14.40 -19.23 126.35 28.42 
15.35 -19.07 17.25 -19.07 135.35 27.69 
18.25 -19.23 20.15 -19.23 149.39 29.67 
Mean 29.04 
OSC by 5 % 8aC10JAIOOH at 298 K 
xl yl x2 y2 Max Area 
17.75 -14.04 19.10 -13.73 137.80 33.31 
22.95 -14.34 24.00 -13.73 139.78 32.87 
26.20 -14.34 27.30 -13.73 147.71 34.68 
29.35 -14.50 30.55 -13.89 146.49 35.47 
32.80 -14.19 34.00 -13.89 136.57 34.37 
Mean 34.14 
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OSC by 5 % BaClOJAIOOH at 873 K 
xl yl x2 y2 Max Area 
7.15 -16.18 8.25 -15.87 150.46 32.55 
13.65 -16.18 15.15 -16.02 159.01 33.54 
16.75 -15.87 17.70 -15.26 150.16 31.54 
20.00 -16.02 21.00 -16.02 143.14 29.43 
22.90 -16.02 24.00 -15.87 152.60 31.66 
Mean 31.74 
OSC by 5 % BaPtlAIOOH at 298 K 
xl yl x2 y2 Max Area 
26.15 -29.15 27.85 -28.84 117.81 30.27 
29.30 -29.15 30.95 -28.69 129.25 31.84 
32.65 -29.45 34.55 -28.99 139.32 30.95 
35.75 -28.99 37.45 -28.23 136.12 32.31 
39.85 -28.84 41.30 -27.93 128.94 32.86 
Mean 31.65 
OSC by 5 % BaPtJAIOOH at 873 K 
xl yl x2 y2 Max Area 
7.90 -29.91 9.80 -29.60 19.84 8.55 
17.25 -29.91 19.65 -29.76 45.93 8.55 
25.20 -29.76 26.90 -30.06 20.14 8.97 
35.75 -29.60 37.90 -29.15 31.13 9.18 
43.20 -29.30 45.35 -28.84 27.77 8.56 
Mean 8.76 
OSC by 5 % BaAulAIOOH at 298 K 
xl yl x2 y2 Max Area 
6.70 -30.21 8.60 -31.13 136.27 32.04 
9.80 -30.67 11.75 -30.67 135.81 28.99 
13.20 -31.28 15.10 -31.44 114.75 28.37 
16.55 -31.44 18.25 -31.13 123.15 30.53 
19.20 -31.74 20.85 -30.98 127.11 31.41 
Mean 30.27 
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OSC by 5 % BaAulAIOOH at 873 K 
xl yl x2 v2 Max Area 
12.70 -25.18 14.85 -24.87 80.11 13.78 
20.15 -25.64 22.30 -25.18 90.34 14.00 
22.80 -25.48 24.70 -25.48 89.12 15.68 
28.80 -25.94 30.70 -26.25 82.56 15.13 
35.30 -26.70 37.45 -26.86 86.06 14.33 
Mean 14.58 
Error assessments 
All instruments used in this work are not 100 % accurate. Each one has some error %. 
Instrument Error % 
TEM 0.1 
DLS 1 
SEM 0.2 
STEM 0.1 
XRD 0.6 
Measurements collected using the following instruments had a slight error: 
Measurements Error 
pH meter ±O.05 
Conductivity meter ±O.05 ~S 
Balance ±O.05 mg 
Ion meter mV ±O.2mV 
Ion meter temperature ±O.5K 
Thermocouple ±O.005 K 
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